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PREFACE 


4 in purpose of the present treatise is to give a brief account 
of the leading properties, at present known, of quartic 
surfaces which possess nodes or nodal curves, 


A surface which would naturally take a prominent position 
in such a book is the Kummer surface, together with its special 
forms, the tetrahedroid and the wave surface, but the admirable 
work written by the late R. W. H. T. Hudson, entitled Kummer’s 
Quartic Surface, renders unnecessary the inclusion of this subject. 
Ruled quartic surfaces have also been omitted. 


For the convenience of readers, a brief summary of all the 
leading results discussed in this book has been prefixed in the 
form of an Introduction. 


I have to express my great obligation to Prof. H. F. Baker, 
Sc.D., F.R.S., who has given much encouragement and valuable 
criticism. Finally I feel greatly indebted to the staff of the 


- University Press for the way in which the printing has been 
=carried out. 


C. M. JESSOP. 
March, 1916. 


JAN 26 '44 


UBLISHER 





QUARTIC SURFACES WITH ISOLATED SINGULAR POINTS. 


13 
14 
15—18 


19 
20 
21 


32, 33 
34 
35—37 


CONTENTS 


INTRODUCTION 


CHAPTER I. 


Quartic surfaces with four to seven nodes . 
Quartic surfaces with more than seven nodes 
Quartic surfaces with nodal sextic curves . 
Quartic surfaces with eight to sixteen nodes 


CHAPTER II. 


DESMIC SURFACES. 


Desmic tetrahedra : 

Quartic curves on the desmic sernfieee . 

Expression of coordinates in terms of o — gad 
resulting properties 

Section by tangent plane 

A mode of origin of the surface . 

The sixteen conics of the surface 


CHAPTER III. 


QUARTIC SURFACES WITH A DOUBLE CONIC. 


Five cones touching surface along twisted quartic whose 
tangent planes meet surface in pairs of conics 

Expression of coordinates in terms of two parameters and 
mapping of surface on a plane 

The class of the surface : 

The sixteen lines of the surface . 

Origin of the surface by aid of two ffindtiFiek - a Te 

Perspective relationship with general cubic surface 

Connection with plane quartic curve . : 

Segre’s method of projection in ‘Sti haarteg own! space 


PAGE 
xl 


Cor WwW = 


24 
26 


27 
30 
39 
37 


38 


40 
46 
46 
47 
49 
52 
55 


Vill 


ART. 
3943 


44— 46 
47 
48—53 


54, 55 
56 
57—59 
60—62 
63—69 
70 
71, 72 
73, 74 
75 
76 


SURFACES WITH A DOUBLE LINE: PLUCKER’S SURFACE. 


77, 78 
79—81 
82 
83 


CONTENTS 


CHAPTER IV. 


QUARTIC SURFACES WITH A NODAL CONIC AND 
ADDITIONAL NODES. 


Case of one to four nodes 

Origin and nature of double points a¥ene as foal ia! 
positions of base-points . 

Cuspidal double curve . 

Double conic consists of a pair of lind : 

Segre’s classification of different species of the outa ds 


CHAPTER V. 


THE CYCLIDE. 


Equation and mode of origin of cyclide 

Inverse points on the surface 

The fundamental quintic and form of site aydiide 
Power of two spheres: pentaspherical coordinates 
Canonical forms of the equation of the cyclide . 
Tangent and bitangent spheres of surface . 

Confocal cyclides : : : 

Sphero-conics on the fiinaas 

Cartesian equation of confocal cyclides ; 
Common tangent planes of cyclide and tangent cuadae 


CHAPTER VI. 


Conics on the surface . 

Mapping of the surface on a eipac 
Nodes on surface with a double line . 
Pliicker’s surface 


CHAPTER VII. 


PAGE 
62 


64 
69 
72 
72 


86 
89 
90 
94 
39 
108 
109 
113 
115 
117 


118 
120 
125 
128 


QUARTIC SURFACES WITH AN INFINITE NUMBER OF CONICS: 


84, 85 
86—88 


89 
90 
91 
92 
93 


STEINER'S SURFACE: THE QUARTIC MONOID. 


Quartic surfaces with an infinite number of conics 

Rationalization of Steiner’s surface: all its tangent planes 
contain two conics of the surface: images of its asym- 
ptotic lines : 

Modes of origin of the siafiba 

Quartic curves on the surface 

Weierstrass’s method of origin of the anc 

Eckhardt’s point-transformation . ‘ : : 

The quartic monoid .. ; : ‘ : ° 


131 


134 
139 
141 
143 
145 
147 


CONTENTS 1X 


CHAPTER VIII. 


THE GENERAL THEORY OF RATIONAL QUARTIC SURFACES. 


ART, PAGE 
94 The cubics which rationalize Vo (y) when 2(y)=0 is the 
general plane quartic: the surface S,{) . 2 152 
95,96 The curves which rationalize VO (y) when Q(y)=0 is re- 
spectively a sextic with a quadruple point or a sextic 
with two consecutive triple points: the surfaces S,{) 


and 8§,') ; ; , : ; : ; F : 155 
CHAPTER IX. 

DETERMINANT SURFACES. 
97 Sextic curves on the surface . ; : , : 161 
98,99 Correspondence of points on the surface. : ie 163 
100 The Jacobian of four quadrics and the ae arcrer 165 
101 Distinctive property of the symmetroid . . : : 167 
102 Tangent plane of Jacobian : : : : 168 
103, 104 Cubic, quartic, and sextic curves on the oo : : 169 
105 Additional nodes on the surfaces. ; ; : 172 
106—115 Weddle’s surface . : F : : : : : 173 
116 Bauer’s surfaces . , : é , : : 189 
117,118 Schur’s surfaces . ; , : : : ! ' : 191 
INDEX OF SUBJECTS . ; : : : ; 196 
INDEX OF AUTHORS . : : : : : : 198 


ADDENDA 


Throughout, the vertices of the tetrahedron of reference are denoted by 
A;, Ag, 43, Ag: see p. 50. 

pp. 38, 45. The o} quadrics y+2¢+)?w?=0 touch the surface ¢?=w*y along 
quadri-quartics. They are the quadrics mentioned on p. 59. 


CORRIGENDA 


p. 38, line 6, for 4w*y read w*y, 
line 9, for close-points read pinch-points. 

p. 40, last line but one, for be read be taken to be. 
omit foot-note. 

p. 76, foot-note, insert fourth edition. 


INTRODUCTION 


Ch. I. Quartic surfaces with isolated singular points. 


This chapter, which is based on the results of Cayley* and 
Rohn, gives a method of classification of quartic surfaces which 
possess a definite number of isolated nodes and no nodal curves. 
The number of such nodes cannot exceed sixteen. Rohn has 
given a mode of classification for the surfaces having more than 
seven nodes, based on the properties of a type of seven-nodal plane 
sextic curves. | 

The equation of a quartic surface which has a node at the point 
e=y=z=0, will be of the form 


UV" + 2u,w + Us, = 0, 


where u,=0, us=0, u,=0 are cones whose vertex is this point. 
The tangent cone to the quartic whose vertex is the point is 


therefore 
Uz, — Un = 


The section of this cone by any plane gives a plane sextic curve 
having a contact-conic us, i.e, a conic which touches the sextic 
where it meets it. When the surface has eight nodes the tangent 
cone whose vertex is any one of them will have seven double edges 
which give seven nodes on the plane sextic. 

Such sextics are divided into two classes, viz. those for which 
there is an infinite number of cubics through the seven nodes, and 
two other points of the curve, and those for which there is only 
one such cubic. When a quartic surface is such that it has eight 
nodes consisting of the common points of three quadrics, the 
tangent cone from any node to the surface gives rise to a plane 
sextic of the first kind: such a quartic surface is said to be 


* Recent researches, etc., Proc. Lond. Math. Soc. (1869-71 
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syzygetic: the equation of the surface is represented by an equation 
of the form 

(a}A, B, CY =0, 
where A=0, B=0, C=0 represent quadrics whose intersections 
give the eight nodes. 

The second, or general kind of sextic, arises from the general 
type of eight-nodal quartic surface which is said to be asyzygetzc. 

Similarly in the case of nine-nodal and ten-nodal quartic 
surfaces we have two kinds of plane sextics distinguished as 
above, giving rise to syzygetic and asyzygetic surfaces. 

For ten-nodal surfaces there are two varieties of asyzygetic 
surfaces, one of which, the symmetroid (see Ch. 1X), arises when 
the sextic curve consists of two cubic curves. The tangent cone 
from each of the ten nodes of this surface then consists of two 
cubic cones. There are also two varieties of ten-nodal syzygetic 
surfaces. 

Seven points may be taken arbitrarily as nodes of a quartic 
surface, but if there is an eighth node it must either be the 
eighth point of intersection of the quadrics through the seven 
points, or, in the case of the general surface, lie upon a certain 
sextic surface, the dianodal surface, determined by the first seven 
nodes; hence it may not be taken arbitrarily. 

When an eight-nodal surface has a ninth node the latter must 
lie on a curve of the eighteenth order, the dianodal curve. 

Plane sextics with ten nodes and a contact-conic are divided 
into three classes according as they are the projections of the 
intersection of a quadric with (1) a cubic surface, (2) a quartic 
surface which also contains two generators of the same set of the 
quadric, (3) a quintic surface which also contains four generators 
of the same set of the quadric. 

The first and second types of sextics are connected with eleven- 
nodal surfaces which are respectively asyzygetic and syzygetic ; 
the third type gives a symmetroid with eleven nodes. A fourth 
surface arises when the sextic breaks up into two lines and a nodal 
quartic. 

Twelve nodes on the quartic surface give rise to eleven nodes 
on the sextic, which must therefore break up into simpler curves ; 
this process of decomposition goes on until we arrive at six straight 
lines, which case corresponds to the sixteen-nodal or Kummer 
surface. 
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There are four varieties of surfaces with twelve nodes of which 
one 1s a symmetroid: there are only two varieties of surfaces with 
thirteen nodes and only one with fourteen nodes, viz. that given 
by the equation 

Voor! + Nyy’ + V2’ = 0. 

An additional node arises for a surface having this equation, 

when there exists between the planes x... 2’ the identity 


Ag+ By+Cz+ A’a’ + By’ +C'2 =0, 
with the condition 
AA’ =—BB’=C0C". 
If another such relation exists between the planes z ... 2’, there 
is a sixteenth node. 


Ch. II. Desmic surfaces. 


A surface of special interest which possesses nodes and no 
singular curve is the desmic surface. Three tetrahedra A,, A,, A, 
are said to form a desmic system when an identity exists of the 
form 

aA, + BA, + yA; = 0, 
where A; is the product of four factors linear in the coordinates. 

It is easily deducible from this identity that the tetrahedra are 
so related that every face of A; passes through the intersection of 
faces of A, and 4,; hence we have sixteen lines through each 
of which one face of each tetrahedron passes. It is deducible as 
a consequence, that any pair of opposite edges of A, together with 
a pair of opposite edges of A, form a skew quadrilateral; and so 
for A, and A,, A, and Ag. 

It also follows that if the edges A,A,, A,A;, A,A, of A, meet 
the respective edges of A, in LL’, MM’, NN’; then A,, L, Ao, L’ 
are four harmonic points; and so for A,MA,M’', A,NA,N’. The 
relationship between the three tetrahedra is entirely sym- 
metrical. 

Hence we may construct a tetrahedron desmic to a given 
tetrahedron A, by drawing through any point A the three lines 
which meet the three pairs of opposite edges of A, then if the 
intersections of these three lines with the edges of A be LL’, MM’, 
NN’ respectively, the fourth harmonics to A, Z, L’; A, M, M’; 
A, N, N’ will, with A, form a tetrahedron desmic to A. 
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The join of any vertex of A, and any vertex of A, passes 
through a vertex of A,: there are therefore sixteen lines upon 
each of which one vertex of each tetrahedron lies. Hence any 
two desmic tetrahedra have four centres of perspective, viz. the 
vertices of the third tetrahedron. 

If A, be taken as tetrahedron of reference the identity connect- 
ing A,, A,, A; is given by the equation 
l6xyzt 

—(@+ytz2+t)(a+y—z2-t)\(@—y+2-—t)( w-y—z+t) 
—(a@+ytz2—-t)(a@t+y—z24+t)(e@—-yt24+t)(-—a+y+2z+t)=0. 
Closely connected with the system of tetrahedra A; is a second 


desmic system of three tetrahedra D;. They are afforded by the 
identity 
(#-y)(P- 0) + @-HY-A+(@-Ae-y¥)=0. 

The sixteen lines joining the vertices of the A; are the sixteen 
intersections of the faces of the D,. 

A desmic surface is such that a pencil of such surfaces contains 
each of three such tetrahedra D; in desmic position. The surface 
has as nodes the vertices of the corresponding tetrahedra A,; 
hence the sixteen lines joining the vertices of the latter tetrahedra 
lie on the surface: along each of them the tangent plane to the 
surface is the same, i.e. the line is torsal; the tangent plane meets 
the surface also in a conic, and hence there are sixteen conics on 
the surface lying in these tangent planes. 

There is a doubly-infinite number of quadrics through the 
vertices of any two tetrahedra A,, the surface is therefore syzy- 
getic; these quadrics meet the surface in three singly-infinite sets 
of quadri-quartics; one curve of each set passes through any point 
of the surface. 

The coordinates of any point on the surface can be expressed 
in terms of two variables u, v as follows: 


o(U). 
o(v)” 











~a) au) osu) 
a,(v)’ ame? ™ elias) ° 
since this leads to 
(€, — €) (a*y? + 27?) + (3 — e,) (a*2? + y*t?) 
+ (€, — és) (a7# + y?z*) = 0, 


which is one form of equation belonging to the surface. 


pax pt= 
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The three systems of twisted quartics are obtained by writing 
respectively 


v=constant, u—v=constant, w+v=constant. 


The generators of the preceding doubly-infinite set of quadrics 
form a cubic complex which depends merely on the twelve desmic 
points; all the lines through these points belong to the complex. 
Any line of this complex meets the surface in points whose argu- 
ments (wu, v) are respectively 


(8+u,4), (8—p, a), (a+, 8), (a—p, &). 


The tangents to the three quadri-quartics which pass through 
any point of the surface are bitangents of the surface, and their 
three other points of contact are collinear. 

The curves u = constant, »=constant form a conjugate system 
of curves on the surface: the system conjugate to u + v = constant 
is 5u—w=constant; the system conjugate to w—v= constant 
is 8v-+u= constant; hence we derive the differential equation of 
conjugate tangents as 


dudu, + 3dvdv, = 0. 


The points of any plane section of the surface are divided into 
sets of sixteen points, lying upon three sets of four lines belonging 
to the cubic complex, where each line contains four of the sixteen 
points; denoting these twelve lines by a,...a,, b,...04, 1... G, 
then if C is the curve enveloped by the lines of the cubic complex 
in the plane, the points of contact of the lines a he on a tangent a 
of C, those of the lines b on a tangent @, and those of the lines c 
on a tangent y; where a, 8, y are three concurrent lines. 

If p, q, r are three lines of a cubic surface forming a triangle, 
then any three planes through p, g, 7 respectively meet the cubic 
surface in conics which lie on the same quadric; the locus of 
the vertices of such of these quadrics as are cones is a desmic 
surface. 


Ch. ITI. Quartic surfaces with a double conic. 
The equation of a quartic surface with a nodal conic has the 
form 
pau. 


This may bs written 
(hb + Aw??? = w? ( + 2A + A2w*) 5 
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and hence can be brought to the form 
= w'V, 


where V=0 is a quadric cone, in five ways. Each tangent plane 
of the cones V; meets the surface in a pair of conics. Among the 
conics arising from any particular cone V, there are eight pairs of 
lines; hence the surface contains sixteen lines. The relationship 
of these lines as regards intersection is the same as that of sixteen 
lines of the general cubic surface obtained by omitting any of its 
twenty-seven lines, p, together with the ten lines which inter- 
sect p. 

The coordinates of any point on the surface can be expressed 
as cubic functions of two parameters by the equations 


PX =fi (Si; é,, Es), (a = 1, 2, 3, 4) ; 


so that every plane section of the surface is represented by a 
4 

member of the family of curves Xa;f;=0; where f=0, ..., f,=0 
1 


are plane cubic curves which have five common points; hence the 
surface is rational and is represented on a plane. Each of these 
five points, the base-points of the representation, is the mage of a 
line of the surface. The other lines of the surface are represented 
in the plane by the conic through the base-points and by the ten 
lines joining pairs of base-points. 

This method enables us to determine the varieties of curves 
of different orders which can exist on the surface, by use of the 
equation 

N = 8n — 2a, 
where WN is the order of the curve on the surface, n that of its 
image in the plane, and a; the number of times the curve on the 
surface meets one of the lines represented by the base-points. It 
is found that the sixteen lines previously mentioned are the only 
lines on the surface; the only conics on the surface, apart from 
the double conic, are those in the tangent planes of the cones V;. 

We obtain oo? twisted cubics on the surface, and also #4 
quadri-quartics together with oo* twisted quartics of the second 
species. It is seen that the quadrics 


r+ 20g + A2w? = 0 


touch the surface along quartics. The class of the surface is 
twelve. 
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The surface may also be obtained by aid of any two given 
quadrics Q and H and any given point O, as follows: the surface 
is the locus of a point P such that the points O, P, K, P’ are har- 
monic, P and f”’ conjugate for H, and K any point of Q; P’ also 
lies on the surface. 

The twenty-one constants of the surface are seen to arise from 
those of Q and H, and the coordinates of O. This point is the 
vertex of one of the five cones V;; the vertices of the other four 
cones are the vertices of the tetrahedron which is self-polar for 
Q and H. The double conic is the intersection of H with its 
polar plane for 0. 

From the foregoing mode of origin of the surface O is said to 
be a centre of self-inversion of the surface with regard to the 
quadric HH, 

The surface may be related to the general cubic surface by 
a (1, 1) correspondence in two ways, the relationship being a 
perspective one in each case. 

The surface is connected with the general quartic curve as 
follows: the tangent cone drawn to the surface from any point P 
of the double conic is of the fourth order, its section being the 
general quartic curve; the tangent planes from P to the five 
cones V;, and the tangent planes to the surface at P, meet the 
plane of the quartic curve in lines bitangent to this curve. 

The other sixteen bitangents arise from the planes passing 
through P and the sixteen lines of the surface. The cone whose 
vertex 1s P and base a conic of the surface meets the plane of the 
quartic curve in a conic which has four-point contact with the 
quartic. 

The general quartic surface with a double conic is obtained by 
Segre as the projection from any point A of the intersection I of 
two quadratic manifolds or varieties P=0, P=0, in four dimen- 
sions, upon any given hyperplane S;. Among the varieties of the 
pencil #’+rAP=0 there are five cones, i.e. members of the pencil 
containing only four variables homogeneously ; each cone possesses 
an infinite number of generating planes consisting of two sets, 
and each generating plane meets I’ in a conic. These generating 
planes are projected from A upon S as the tangent planes of a 
quadric cone. Hence arise the five cones of Kummer, and the 
conics lying in their tangent planes. 

The double conic is obtained as the projection from A on S of 
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the quadri-quartic which is the intersection with T' of the tangent 
hyperplane at A of the variety which passes through A. When A 
lies on one of the five cones of the pencil #’+ AP =0, this quadri- 
quartic becomes two conics in planes whose line of intersection 
passes through A. Hence the conics are projected into inter- 
secting double lines of the quartic surface. By this projective 
method the lines and conics of the quartic surface may be 
obtained, as also its properties generally. 


Ch. IV. Quartic surfaces with a nodal conic and additional 
nodes. 


A quartic surface with a nodal conic may also have isolated 
nodes, but their number cannot exceed four. Each such node 1s 
the vertex of a cone of Kummer, and for every node the number 
of these cones is reduced by unity. There are two kinds of 
surfaces with two nodes, in one case the line joming the 
nodes lies on the surface, and in the other case it does not. 
Nodes arise when the base-points of the representation of the 
surface on a plane have certain special positions; if either two 
base-points coincide, or if three are collinear, there is a node on 
the surface. If either a coincidence of two base-points or a 
collinearity of three base-points occurs twice, the quartic surface 
has two nodes and is of the first kind just mentioned; if there is 
one coincidence together with one collinearity, the quartic surface 
is of the second kind. 

There are three nodes when two base-points coincide and also 
two of three collinear base-points coincide; finally, when the join 
of two coincident base-points meets the join of two other coincident 
base-points in the fifth base-point, there are four nodes. 

Three coincident base-points give rise to a binode, four coinci- 
dent base-points give rise to a binode of the second kind, 1.e. when 
the line of intersection of the tangent planes lies in the surface, 
and five to a binode of the third species, ie. when the line of 
intersection is a line of contact for one of the nodal planes. 

When four base-points come into coincidence in an indeter- 
minate manner we have a ruled surface; a special variety occurs 
when the fifth base-point coincides with them in a determinate 
manner. 

The double conic may be cuspidal, i.e. when the two tangent 
planes to the surface at each point of it coincide; the class of this 
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surface is six. The equation of the surface may in this case 
be reduced to the form 
U? + x22, = 0. 


The surface has two close-points C,C’ given by 
t= %,= U =0, 


If K be any point of CC’ and zw the polar plane of K for U=0, 
then if any line through K meets 7 in ZL, it will meet the surface 
in four points P, P’; Q, Q’ such that the four points K, P, L, P’ 
and K, Q, LZ, Q’ are harmonic. 

The double conic may consist of two Jines; the necessary 
condition for this is that three cubics of the system representing 
plane sections should be 


au=0, av=0, Gw=0, 


where a=0, 8=O are lines, and u=0,v=0 are conics. Either 
or both of the double lines may be cuspidal. 

Segre’s method (Ch. 111) affords a means of complete classifica- 
tion of quartic surfaces with a double conic, by aid of the theory 
of elementary factors. We thus obtain seven types, each type 
leading to sub-types. 

There exists in the case of certain of these sub-types a cone of 
the second order in the pencil (F, ®), i.e. a cone whose equation 
contains only three variables, say 2, #2, #;; if the line 2,=2,=4;, 
which may be termed the edge of this cone, lies upon I’, the surface 
is ruled. If the point of projection, A, is so chosen that the 
tangent hyperplane for A, of the variety which passes through A, 
is also a tangent hyperplane of this cone of the second order, the 
double conic is cuspidal. 

When the pencil (/, ®) consists entirely of cones of the first 
order having a common generator, and a common tangent hyper- 
plane along this generator, the surface is that of Steiner. 

Segre’s table, which distinguishes each surface that can arise, 
is given on pp. 82-85. 


Ch. V. The cyclide. 


When the double conic is the section of a sphere by the plane 
at infinity, we obtain the cyclide. The equation of the cyclide 
is therefore S?*+U=0, where S=0 is a sphere and U=0 is a 
quadric. 
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This equation may be written in the form 


(a8 +o? + 2? OA}*44 (A, +d) a2 + (dg td) y+ (A540) 24 
+ 2B,x7 + 2B,y + 2B3z + C — v7} = 0. 

The second member of the left side will give a cone when X is 
a root of the quintic /’(A)=0, where (A) is the discriminant of 
the second member. We thus obtain as in Ch. mI five cones V;; 
the tangent planes of each cone meet the surface in pairs of 
circles. 

There are five sets of bitangent spheres of the surface; each 
sphere of any set cuts a fixed sphere orthogonally, and its centre 
lies on a fixed quadric. The centres of the five fixed spheres are 
the vertices of the cones /;. 

These five spheres S,...S; are mutually orthogonal, and the 
centres of any four of them form a self-polar tetrahedron for the 
fifth sphere and its corresponding quadric Q. 

The equations of a pair S;, Q; are respectively 
2B,x 2Bey 2B3z 
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where 2; 1s one of the roots of #’'(A)=0. 

The five quadrics Q,...Q; are confocal; the curve of intersection 
of a pair S;, Q; is a focal curve of the surface. 

The centre of a sphere S; is a centre of self-inversion for the 
surface. 

Three of the quadrics Q; are necessarily real together with 
their corresponding spheres: one is an ellipsoid, one a hyperboloid 
of one sheet and one a hyperboloid of two sheets. 

The surface is also obtained as the locus of the limiting points 
defined by S; and the tangent planes of Q,;. Taking Q; as an 
ellipsoid, this shows the shape of the surface to be one of the 
following : 

(i) two ovals, one within the other, when §;, Q; do not 
intersect ; 

(ii) two ovals, external to each other, or a tubular surface 
similar to the anchor-ring, when the focal curve 
(S;, Q;) consists of two portions ; 

(iii) one oval, when the focal curve (S;, Q;) consists of one 
portion. 
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When (A + A;)* is a factor of F(A), one of the cones V is 
a pair of planes. If two roots of F(A) are equal, one of the 
principal spheres is a point-sphere. In a real cyclide only one 
principal sphere can be a point-sphere. Real cyclides must possess 
at least two principal spheres which are not point-spheres. 

If S,=0,...8,;=0 are any five spheres, there is a quadratic 
identity between the quantities S,...S,, viz. that given by the 
equation 


0 Se eoeoeveoetoeeoreoone Ss 
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where 7,...7; are the radii of the spheres, and 7 1s the mutual 
power of the spheres S; = 0, S; = 0. 
By solution of the equations 


S20 4+ YP +2 4+ 2fia + 2iy + 2hyz + cq, ete., 


it is seen that a?+ y?+ 2, w, y, 2, and unity, can be expressed 
as linear functions of S,...S8;; hence the equation of a cyclide 
Ss 


appears as a quadratic function of pee which are themselves 
1 5 


connected by a quadratic identity. This gives rise to seven chief 
types of cyclide, by application of the theory of elementary factors ; 
but only three of them give real cyclides, viz. 


fl1111], [2111], [811]. 


Each of these types and the corresponding sub-types, with the 
exception of the general cyclide, arise as the inverses of quadrics. 
The sub-type [(11) 111] can be expressed in terms of three 
variables. It is the envelope of spheres which pass through a 
fixed point and whose centres lie on a conic; contact with the 
envelope here occurs along a circle. It has also two systems of 
bitangent spheres, as in the general case. A variable sphere of 
one of these systems makes with two fixed spheres of the first 
system angles whose sum or whose difference is constant. The 
inverse of this cyclide is a cone. 

The cyclide [(11) (11) 1] is known as Dupin’s cyclide. There 
are two systems of spheres which touch the cyclide along circles ; 
the spheres of each system cut one of the principal spheres at 
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a constant angle. The spheres of either system are obtained as 
those which touch any two fixed spheres of the other system and 
have their centres on a given plane. 


Denoting = by a;, the equation of the general cyclide appears 


5 5 
as & a;27 = 0, with the condition > 27 = 0. 
1 ] 





5 2 
The system of cyclides + = 0 is confocal with the first 
1 
cyclide. Three confocals pass through any point and cut ortho- 


gonally. 

The system of quadrics V=0, where V=U+kS — k*, which 
touch the cyclide S?+4U=0 along sphero-conics are such that 
two of them pass through any point, three touch any line, four 
touch any plane. The four points of contact of the surfaces V 
which touch any given plane 7 are the centres of self-inversion for 
the section of the cyclide by zr. 

The locus of points of contact of common tangent planes of 
the cyclide and any given quadric V is a line of curvature on the 
ceyclide. 


The Cartesian equation of the system of confocals is 
(A, +2A)(Ap+A)(A,+A)S?4+ 44 (A) Q = 0, 


where S, Q have the same form as the S;, Q; when 2 is substituted 
for Aj. 
The confocals to the given cyclide S?+4U =0, where 


Sse2+y+2?—2hn, 


may be obtained as follows: when S+2LZ=0 1s a point-sphere 
and U+ [?=0 is a cone, the locus of the centres of these point- 
spheres is a cyclide confocal with S?+ 4U =0. 


Ch. VI. Surfaces with a double line: Plucker’s surface. 


The quartic surface with a double line is cut by any plane 
through the double line in a conic also. In eight cases this conic 
breaks up into a pair of lines, giving sixteen lines on the surface. 
There is no other line on the surface with the exception of the 
double line. 

There are sixty-two planes not passing through the double 
line each of which meets the surface in a pair of conics, one of 
whose intersections lies on the double line. By aid of one of 
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these conics c*? the surface may be represented on a plane; for 
through any point « of the surface one line can be drawn to 
meet c*? and also the double line, so that with each point of the 
surface one such line is associated. This line is determined as 
the intersection of two planes, each of whose coefficients contains 
linearly and homogeneously three parameters &,, &, &. A third 
equation, arising from the equation of the surface, is that of a 
plane whose coefficients are quadratic in the &;, and the inter- 
section of these three planes is a point on the surface; hence we 
obtain a (1, 1) correspondence between the points x of the surface 
and the points & of a plane. 

There are nine base-points in the plane, eight of which we 
represent by B,....B,;; they correspond to the points of eight 
non-intersecting lines of the surface, together with a point A 
which corresponds to any point of the conic coplanar with c?, 
These nine points cannot constitute the complete intersection 
of two cubic curves. 

To any plane section of the surface there corresponds, in the 
plane of &, a quartic curve having a node at A and passing through 
the points B;. The cubic through the nine base-points corresponds 
to the double line. 

The plane image of any curve of order M on the surface is 
a curve of order m, where 


M = 4m — 28 — da, 


8 being the number of times the curve on the surface meets the 
conic corresponding to A, and Xa the total number of passages of 
the image through the points B,. 

By applying Rohn’s method to the surface, using any point 
on the double line as that from which a tangent cone is drawn, 
it is easy to see the modifications which arise when isolated nodes 
exist. 

The section of the tangent cone, whose vertex is any point 
of the double line, isa sextic curve, meeting the double line in 
a quadruple point; with each additional node of the surface this 
curve acquires an additional node: when there are seven nodes 
the sextic becomes a nodal cubic, meeting the double line in one 
point together with three lines through this point. When the 
surface has eight nodes, the sextic curve becomes a conic together 
with four lines concurring at a point of the double line. 

b2 
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In the case of seven nodes there are three torsal lines meeting © 
the double line, and each containing two nodes; also there are 
four tropes meeting in the seventh node, and each containing four 
nodes. If there are eight nodes we have Pliicker’s surface which 
has also eight tropes. The nodes form two tetrahedra, each of 
which is inscribed in the other. The nodes lie in pairs on four 
torsal lines meeting the double line. Through any two nodes not 
on the same torsal line there pass two tropes. The tropes can be 
arranged in four pairs so that the line of intersection of a pair 
meets the double line in a pinch-point. 

' Plane sections of Pliicker’s surface are represented by quartic 
curves having a common node and touching, at fixed points, four 
concurrent lines. 


Ch. VII. Quartic surfaces containing an infinite number 
of conics: Steiner’s surface: the quartic monoid. 


The nature of the quartic surfaces which contain an infinite 
number of conics was investigated by Kummer. He showed the 
existence of the following classes: surfaces with a double conic or 
a double line; ruled quartic surfaces; the surface &? = aPy6, 
where ®=0 is a quadric and a, 8, y, 6 coaxal planes; Steiner's 
surface. 

To these surfaces discussed by Kummer must be added the 
surface whose equation is 


{ow + f(y, 2, w)}? = (z, wha) 


The surface ©? = a8y6 has two tacnodes at the intersection 
of the common axis of the planes with ®; it 1s birationally trans- 
formable into a cubic cone. The conics of the surface can be 
arranged in sets of four lying on the same quadric; the quadric 
cone whose vertex is on the axis of the planes a...6, and 
whose base is any conic of the surface, meets the surface in four 
conics. 

Steiner’s surface is of the third class and has four tropes; the 
coordinates of any point of the surface are expressible as homo- 
geneous quadratic functions of three variables; conversely any 
surface, the coordinates of whose points are so expressible, is a 
Steiner surface. The surface has a triple point, three double 
lines meeting in the triple point, and a node on each double line. 
A characteristic property of the surface 1s that its section by any 
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tangent plane breaks up into two conics. Every algebraic curve 
on the surface is of even order. 
The surface being determined by the equations 


Pr; =f; (m, Ne; Ns) (1 =1, 2, 3, 4), 
we are enabled to map the surface on the plane of the 7;. 
Any conic of the surface is represented on the 7-plane by 
a straight line, the pair of lines representing two conics in the 
same tangent plane of the surface are represented by the 
equations 


ad) yeas. <0 
M+ My, + NNg=V, 11 ae 4 ae Ee. 


The surface contains 0° quartic curves of the second species, 
which are represented by the general conic in the plane of 7; 
also oo 4 quadri-quartics having a node on one of the double lines; 
they lie on quadrics passing through two double lines, and are 
represented by conics 2auning = 9, in which two of the quantities 
hy), Ag, Ugg are equal. 

The conics apolar to the four conics f;=0 form the pencil 


Ua? + Arig? = 0; 


the conics of this pencil are inscribed in the same quadrilateral, 
and form the images on the plane of 7 of the asymptotic lines of 
the surface. 

A form of the preceding property of the surface, that its 
coordinates are expressible as homogeneous quadratic functions 
of two variables, is the following: in the general quadric trans- 
formation 

px; =fi(%, M%, Ms, %), 


the locus of « is a Steiner surface when the locus of a is a plane. 
From this we derive the fact that Steiner's surface, and the cubic 
polar of a plane with reference to a general cubic surface, are 
reciprocal. 

Another mode of origin of the surface, given by Sturm, is that 
if a pencil of surfaces of the second class is projectively related 
to the points of a line in such a way that the line meets one 
conic c? of the system in a point corresponding to c’, and another 
conic c? in a point corresponding to c?, then the envelope of the 
tangent cones drawn from the points of the line to the corresponding 
surfaces 1s a Steiner surface. 
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Weierstrass and Schréter have shown that a Steiner surface 
arises as a locus connected with a known theorem for the quadric. 
The theorem is that if through any given point A of a quadric 
any three mutually perpendicular lines are drawn, meeting the 
quadric again in LZ, M, N, then the plane MN meets the normal 
at A in a fixed point. 

This theorem may be generalized as follows: if A be joined to 
the vertices of any triangle self-polar for a given conic c* in a given 
plane a, and the joining lines meet the quadric again in L, M, N, 
then the plane LMN meets the line AR im a fixed point S, where 
F is the pole for c of the trace on a of the tangent plane to the 
quadric at A. 

If now c? is a member of the « ? conics 


U + 9.V +,W =0, 
where U=0, V=0, W=0 are given conics, we have a point S 
determined for each set of values of 7,: 72:73. On giving these 


ratios all values the locus of S is a Steiner surface; for 1t can be 
shown that if the coordinates of S are y, ... ys, we have 


Yh: Yo? Yo: Yo=Ailn):faln):fo(n): fal), 


where the f; are quadratic functions of the 7. 
Properties of Steiner’s surface may be deduced by aid of the 
transformation 
LiYi = p («= 1, 2, 3, 4), 


applied to any plane Xa;x;=0, giving the cubic surface 


sae 
t 


? 


which is the reciprocal of Steiner’s surface. 

Stemer’s surface 1s one example of a type of surfaces known as 
monotds, viz. surfaces of the nth order which have an (n —1)-fold 
point. The equation of the quartic monoid may be written 


WUz + Uy = O, 


where u,;=0, u,=0 are cones having their vertices at the triple 
point. The surface contains twelve lines, the intersections of 
u,=0 and u,=0. The surface is projectively related to any 
plane, e.g. the plane w=0, in a (1, 1) manner, except that every 
point of each of these twelve lines is represented by one point 
only, viz. where the line meets the plane w= 0. 
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The surface contains conics in planes through two of the 
twelve lines, and twisted cubics on quadric cones passing through 
five of the twelve lines. The oo} quadric cones passing through 
any four of the twelve lines meet the surface in quartic curves 
having a node at the triple point; the oo?! cubic cones passing 
through any eight of the twelve lines meet the surface in quartic 
curves without double points. If the lines corresponding to a 
curve of each type together make up the twelve lines, these two 
curves lie on one quadric. All these quartic curves are quadn- 
quartics. 

Quartic curves of the second species arise as the intersection 
with the surface of cubic cones having six of the twelve lines as 
simple lines and one of them as double line; there are 5544 such 
quartic curves on the surface. The surface will have a line not 
passing through the triple point provided that three of the twelve 
lines are coplanar. 

The cases of the quartic monoid of special interest are those 
in which there are six nodes; here the twelve lines coincide in 
pairs six times. 

There are two cases of such surfaces; in the first case the six 
nodes may have any positions, this surface is a special case of the 
symmetroid; for the symmetroid being the result of eliminating 
the x; from the equations 


a, 08 OS, OSs OS, 
“1 A, + ae a 2 ty —— =(), (a= 1, 2, 3, 4), 


3 Oat, 02% 

where the a; are regarded as point-coordinates, the surface con- 
sidered is the special case in which one of the quadrics S;=0 is 
a plane taken doubly. The tangent cone to the surface whose 
vertex is one of the six nodes breaks up into two cubic cones. In 
the other case the six nodes hie on a conic whose plane is a trope 
of the surface. Each kind of surface has the same number of 
constants, viz. twenty-one. 


Ch. VIII. Rational quartic surfaces. 


The quartic surfaces with a triple point or with a double curve 
have been seen to be rational, 1.e. the coordinates of the points of 
such a surface are expressible as rational functions of two para- 
meters. Néther has shown that there are only three rational 
quartic surfaces apart from them. ‘The first of these surfaces has 
a tacnode, 1.e.1s such that every plane through the node meets the 
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surface in a quartic curve having two consecutive double points 
at the node. The coordinates of any point x of the surface are 
projectively related to the points y of a double plane by the 
equations 

= X2(y) V2 (y) 

Fi 
where y.(y)=0 is a conic and 0(y)=0 is a general quartic 
curve. 

Clebsch showed that the points y can be expressed as rational 
functions of new variables z; in such a way as to render VQ (y) 
a rational function of the z;, viz. by equations of the form 


oy: = fi (2); (1 =1, 2, 3), 
where the curves f;(2)=0 are cubics having seven points in 
common. The plane sections of the surface have then as their 
images, in the field of the z;, sextic curves having the seven points 
as nodes and also four other common points; the eleven points lie 
on the same cubic. 

If the quartic surface has the equation 


Leto + ye +f, = 0, 


P=, PX2e=Y2, Plzs= Ys, Pes = 


we obtam 


=% V0(y) 
oie = thi yas ys AU ELD, 


where Q(y)=0 is a sextic curve. It is shown that V0Q(y) is 
capable of rationalization only in the following two cases, viz. 
(1) when O(y)=0 is a sextic with a quadruple point; (2) when 
2 (y)=0 is a sextic with two consecutive triple points. 

The transformation to the simple plane is effected by the 
consideration that to plane sections through the double point 
there must correspond, in the simple plane, curves of order n of 
the same genus as these sections, viz. two, and intersecting each 
other in two variable points. This gives the equations 


mv—2=a,+ 4a,+... +7°4,, 


ae) Be 1l=4,+3a,+... oe ) 
where a, is the number of points the curves in the z-plane have 
in common, a, the number of double points they have in common, 
and so on. By aid of Cremona transformations repeatedly applied, 
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it is seen that these curves of order n are capable of being replaced 
by one of the following types: (1) the curves c, (a7b, ... bi), (2) the 
CUIVES C5 (a, ... a37b,b,); 1.e. quartic curves with one common node 
and ten common points, or sextic curves with eight common nodes 
and two common points. In each case the fixed points lie on one 
cubie. 

The substitutions py=c,(z), py=cs(z) will then rationalize 
VO.(y) in the two cases respectively mentioned, and hence lead 
to two rational quartic surfaces. 


Ch. IX. Determinant surfaces. 


The quartic surface whose equation is A=0, where A is a 
determinant of four rows whose elements are linear functions of 
the coordinates, depends upon thirty-three constants, one less than 
the general quartic surface. Taking as its equation 

Px Gx Tae Sz 
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it is seen that the surface contains two sets of sextic curves, 
viz. the curves 


“ad Sx Px Fx Vx Sz A 
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Denoting these two kinds of curves by c, and hg, it is found 
that any two curves of the same kind meet in four points, any 
two curves of different kinds in fourteen points. Any two curves 
of different kinds lie on a cubic surface. 

The surface can be birationally transformed into itself by aid 
of the three sets of equations 


AiPe +AeQatAsT2tAsSz=O, = My Py t Oe Py + Upy” + apy” = 0, 
pe a Oe ee =0, GR... etl ceessc teed =0, 
a cnn rere =, 7 a enn ere = 0, 
WON ae lt oo dooce cenevv ace. 20e =(; EM Fe Fone Uvncectecesivdacet = 0; 
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MP; a rAoQs me Ash, + AVESH = 0, 


r,P.+ ®@eeeteoeresceeaeevvese veces e = Q, 

Ps + Coerccsorrresossesseres =(, 

Oe eee Pe. seni: 
where P= ap: + & pi + asp” + ap”. 


If we regard the A; and the a; as point-coordinates we pass, by 
aid of these equations, from a point « of A to a point A of a 
surface 2, thence to a point a of a surface >’ and finally to a point 

y of A. 

From the preceding equations we deduce that if # is any 
point of a curve c,, the point « determines a trisecant of c, whose 
fourth intersection with A is the point y, which corresponds to «. 

These trisecants, as x describes c,, form a ruled surface of the 
eighth order, whose intersection with A is c, taken triply together 
with a curve of the fourteenth order, the locus of the points y on 
A corresponding to the points of cg. 

When the determinant A is symmetrical, Le. if 


p=q p =r, p’ ss, ete, 
the surfaces = and %’ coincide; and the quantities P;, Q;, etc. are 
in this case the partial derivatives of a quantity which is quadratic 
in the @;; if, changing the notation, we represent this quantity by 
S;, the last set of equations take the form 
Sa os; 
i a 
on replacing \ and a by « and y respectively. 

Thus the surface = is the Jacobian J, of four quadrics. The 
surface A=, where A is a symmetrical determinant, is known as 
the symmetroid; if in the first set of preceding equations we 
replace z, A, y and @ by a,x, 8 and y respectively, and express 
that g=p’, etc., these equations assume the form 


t=4 : 
Oo, 8 Bl = 0) Gh 2 9 9. 


a Oar; i=1 OY; 


i 


ry nM 


The surface A, the locus of the points a, 1s obtained by 
eliminating the ;, or the y;, from these equations. The surface 
J is seen to be the locus of vertices of cones of the system 


4 
1 
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The equations (1) express that the polar planes of any point « 
of J, with regard to each of these quadrics S,...S,, are concurrent 
in the point y of J; the points «, y are said to be corresponding 
points on J. 

The surface A has ten nodes; the tangent cone of A whose 
vertex is any of its nodes breaks up into two cubic cones; a 
characteristic property of this surface. 

The surface J has ten lines; every point of a line of J is 
associated with the same point a of A, by equations (2), which 
is a node of A. 

The tangent plane of J at any point P is the polar plane of P, 


4 
the point corresponding to P, for the cone of the system 2a;8; 
1 


whose vertex is P. 

When « describes a line of the Jacobian, its corresponding 
point y describes a twisted cubic; the point 8 on the symmetroid 
describes a curve of the ninth order having double points at each 
node of the symmetroid except the one which is connected with 
the locus of a. . 

As the point y describes the section of the Jacobian made by 
the plane a, = 0, the corresponding locus of # is the sextic 


| OS, Of, 


a ee = 0), 








which has the ten lines of the Jacobian as trisecants. The locus 
of the associated points a on the symmetroid is a curve of the 
fourteenth order, passing three times through each node; that of 
the associated points 8 is a sextic curve which passes through the 
ten nodes. To a plane section through two nodes of the sym- 
metroid there corresponds a quadri-quartic on the Jacobian. 

If the quadrics S,...S, have a common point, the Jacobian 
has a node and an additional node arises on the symmetroid. 
Kach additional common point of S,....S, will give rise to a node 
on both the Jacobian and the symmetroid. If there are six such 
common points, the Jacobian becomes the surface known as 
Weddle’s, and the symmetroid becomes Kummer’s surface. 

Weddle’s surface has thus the six points common to 8, ... S, as 
nodes, and contains twenty-five lines, viz. the fifteen lines joining 
the nodes and the intersections of the ten pairs of planes through 
the six points. 
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The line joining any two corresponding points P, P’ of the 
surface meets the twisted cubic through the six nodes in two 
points LZ, M such that the four points P, P’, Z, M are harmonic. 
It follows that this cubic is an asymptotic line of the surface. 

If 63, 62, 8,1 be the coordinates of any point on this twisted 
cubic, then the coordinates of the preceding points P, P’ are 
obtained as follows: let 0, @ denote the points LZ, M; the 
coordinates of P, P’ are given by the equations 

Dy. La. Hg. UM, 
gs ¢° 6? ¢? 6 jul e 2 i 


~ VFO) VI($) VFO) VAG) VFO) VF) VFO) * JA)’ 


where f(a) = Il (a—6;), and 6,... 6, are the values of @ relating to 
1 


























the six nodes. 

Any two points 6, ¢ of the twisted cubic thus determine two 
points P, P’ on the surface; any three points 0, ¢, ~~ determine 
three pairs PP’, QQ’, RA’ of corresponding points which form the 
vertices of a complete quadrilateral; any four points 0, ¢, y, x 
determine twelve points which form three desmic tetrahedra, 
viz. 

PPSS,, Q@Q72", tmreUU". 

If in the preceding expression of the points of the surface in 
terms of 0, @ we suppose @ to be constant, 1e. take all chords 
through a given point of the twisted cubic, the resulting locus of 
points of the surface is a quintic curve; these curves form a con- 
jugate system on the surface. Ifthe tangent to the twisted cubic 
at the point @ meets the surface again in the point 7’, then the 
locus of points of contact of the tangents from 7’ to the surface is 
one of these curves. 

The surface, being defined as the locus of vertices of cones 
which pass through six given points, is seen to have an equation 
of the form 


PP _ Gia Jas 
a Qs Vie 
provided that four nodes are taken as vertices of the tetrahedron 
of reference, and pix, gi, are the coordinates of the lines joining 
any point of the surface to the two remaining nodes. 
This equation expresses that the lines p,q meet the faces of 
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the tetrahedron formed by the four nodes in two sets of four 
points which have the same anharmonic ratio. 
It can be deduced that a form of the equation of the 
surface 1s 
Go. Vie, dele Gab, 


er 


i Vo X3 Xs 
Dy se Be =o: 
a Cy Qs Qs, 


b, b. mB” 6, 


Any point P of the surface determines a closed set of thirty- 
two points on the surface as follows: if P be joined to the six 
nodes V,....N., then calling the point of second intersection of 
PN, with the surface (1), etc., we thus obtain the six points 
(N,) ... (4); secondly, by joining such a point (N,) to the nodes, 
we obtain five points of second intersection (V,N,), etc.; there are 
fifteen such points; lastly, by joining the points (,.) to the 
nodes, we obtain the points (NV,N..;) which are only ten in 
number, since 


(N,N.N;) = (N,N;N,), etc. 


The surface may be shown to be a linear projection in four 
dimensions, and therefore projectively related to a Kummer sur- 
face. Hor the Weddle surface arises as the interpretation in three 
dimensions of the twofold of contact of the enveloping cone of 
a cubic variety in four dimensions, whose vertex is any point of 
the variety. Now, since the intersection of this cone with any 
arbitrary hyperplane 1s a Kummer surface, we are again led to 
a birational transformation between the Weddle and the Kummer 
surface. 

The coordinates of any point of the surface can be expressed 
as being proportional to the ratios of the products of four double 
theta functions: viz. the substitutions 


Wy Ly Ly: Ly = Coy Oo Oz Oo Pog : Coz. O; Os A oq : Cog Fog 1 Fon Fos: C1 O41 Os Poe, 
Ay = Ag: Ag: My = Co Co Cog Czq > CoC5 C2 Cog > CogCy Cra Crg > Cals Cia Coa, 
D, : by: Dg : by = Cpr Cy CreCr4 ! CoCo Ci4Cs4  CogCs Cos Cag  CaCo Cin Cos , 

satisfy the equation of the surface. 


We obtain two sets of quadri-quartics on the surface; the first 
set is given as the intersection of two cones passing through the 


XXX1V INTRODUCTION 


same four nodes and having the other two nodes as respective 
vertices, viz. the cones 

PizPss = APisPso, Nae Von = AGis Yee 
the second set is given as the intersection of the quadrics 


PiPs=FU2dus PisP2 = His Yaa 5 
each of these curves passes through four nodes; the equation of 
the last set, expressed in terms of double theta functions, is 


Cig Om. 


The coordinates of the fifteen points (V,1,), etc. are obtained 
from those of any point for which the argument is w by the addition 
of one of the fifteen half-periods. The coordinates of the point 
(N,) in which the join of P to A, meets the surface again are 
found to be 

C01 92 A504 : CoP2OsAos = Cos Fos Fo Fos : CxO, As Fon. 

The fifteen other points (N,), ete. and (V,N,4N;,), etc. are 
obtained by addition of one of the fifteen half-periods to the 
argument of uw in these last expressions. 

The equation of a plane section of the surface, referred to the 
three points in which the plane of section meets the twisted cubic 
through the six nodes, assumes a simple form. The tangents to 
the curve at the vertices of the triangle of reference meet in one 
point; an invariant of the curve is seen to vanish; the curve 
contains an infinite number of configurations of points, each 
configuration being formed by twenty-five points. 

Bauer has investigated the surface whose equation is 


X— An] A X3 Xs 

Ly Le — bz/ be 2s X, 410; 
Ly Le X3 — | Cs Xs “hi 
X XH Xs Xs din} el, 


its origin is as follows: a point P is joined to the vertices of 
a tetrahedron (taken as that of reference) and the joining lines 
meet the faces of another tetrahedron (whose faces are a,=0, 
b, =0, c,=0, d,=0) in four points; if these latter points are 
coplanar, we obtain as locus of P the surface whose equation has 
just been given. 

When the two tetrahedra are in perspective, the surface is the 
Hessian of the general cubic surface ; it has ten nodes. 
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When the preceding connection mentioned in the beginning 
of the chapter, between the points 2 and y which gives rise to the 
surface A, reduces to a collineation, we obtain a surface, discussed 
by Schur, whose equation is 


aBryd ae a B’ry’s’ == 0, 


in which a... & are linear in the variables; and the collineation is 
such as to permute cyclically the planes a...6 and the planes 
a’...8. This surface contains thirty-two lines. 

If, in addition, the faces of both tetrahedra are subject to 
a collineation which leaves one face of each tetrahedron unaltered 
and permutes cyclically the other three, the surface contains fifty- 
two lines. 





CHAPTER I 
QUARTIC SURFACES WITH ISOLATED SINGULAR POINTS 


1. The singular points possessed by a quartic surface may 
consist either of a certain number of isolated nodes or may form 
double curves. 

In the present chapter we discuss the quartic surfaces which 
have an assigned number of nodes, beginning with those which 
have four nodes, and give a definite method of classification for all 
the cases in which the number of nodes exceeds seven. 

The number of isolated nodes of a quartic surface cannot 
exceed sixteen; for the class of a surface of order n which has 
6 double points is n(n — 1)? — 26, since this is the number of points 
of intersection of the surface and its first polars for two points A 
and B, diminished by the number 26 of these intersections arising 
from each double point (a simple point on the polars of both A 
and 6). Hence if ” is four, 6 cannot exceed sixteen. 


2. Quartic surfaces with four to seven nodes. 


Since the equation of the general quartic surface contains thirty- 
four constants, the surface with four given nodes should contain 
304 —16 = 18 constants; if then d=0, B=0, C=0, D=0, E=0, 
F=0 are six linearly independent quadrics through the four 
nodes, the equation 

(a§ A, B,C, D, #, FY =0, 
containing apparently twenty constants, is a quartic surface having 
the given nodes. 

The number of constants is really eighteen, since there are two quadratic 
relations between the six quadrics, as may be seen by taking the four given 


points as vertices of the tetrahedron of reference, in which case the quadrics 
may be taken to be 


UyXo, Xy%3, UyX4, Ugh, UMeX%y, UoX, 
between which there exist the identities 
Uy %q. Ng Xg= Ly He. HaXy= Hy Hy. XQX3. 
7.AQes. 1 
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For five nodes, taking A...£ as quadrics passing through the - 
given nodes, the equation 
(a A, B,C, D, #Y=0, 
containing fourteen constants, represents the general quartic 
having these given nodes. 
The general quartic with six nodes is represented by the 
equation 
(a¥ A, B,C, DP + pJ =0, 
where A, B, C, D are quadrics through the six nodes, and J is the 
Jacobian of the four quadrics. For this equation contains ten con- 
stants and J has the given points D,...D, as nodes, moreover J 
cannot be expressed as a quadratic function of A, B, C, D. 
The following properties of J may be used to establish these results. 
The surface J=0 is the locus of vertices of cones of the system 
A+AB+pC+vD=0; 


now each point of the line joining any two double points, e.g. D, D2, is the 
vertex of such a cone, hence J contains the join of any two double points ; 
also since D, Dg....D, Dg lie on J it follows that D, is a node of J; similarly 
for D...Ds. Again there are ten pairs of planes passing through the points 
D,...Dg, and each point of the line of intersection of such a pair of planes 
satisfies the condition of being the vertex of a cone of the system. Hence 
such a line lies upon J, which thus contains 15+10=25 lines. Again, since 
any quadric of the system is linearly expressible in terms of any four 
members of the system, it is so expressible in terms of any four of the 
previous pairs of planes ; hence if J were expressible as a quadratic function 
of A, B, C and D, we should necessarily have a relation of the form 


J=(afaa’, BP’ ’ YY; 60’), 
in which we may take the planes a, 8, y to contain the line D, Dz, while 6, & 
do not contain it, e.g., 
a=(D,, Ds, D3), a'=(D1, D;, De), ete., 
while S=(D,, D3, Ds), 8 =(D.; Ds, De). 


Hence since J contains D,D, such a relation is impossible. 


The general quartic with seven nodes is represented by the 
equation 
(aQ A, B,C)? + p> =0, 
where A, B, C are quadrics through the given nodes and & is any 
quartic surface having the seven nodes*. 
* This quartic surface may also be expressed in terms of the quartic surfaces 
which have one of the given points as a triple point and the other six as double 


points; if 7,...7, are these surfaces, the required general quartic surface is 
De, 7 80, t=7,... 7. 
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3. Quartie surfaces with more than seven nodes. 


The equation of a quartic surface having a node at the point 

x= y=z=0 will be of the form 
U,w? + 2usw + us, = 0, 

where u, = 0, u,=0, u,=90 are cones whose vertex is the node. 

The equation of the tangent cone drawn to the surface from 
this node is 

UgUs — Us’ = 0. 

The section of this cone by any plane, e.g. the plane w =O, is 
a sextic curve with a “contact-conic,” i.e. a conic which touches it 
wherever it meets it. 

If the surface has any other node, the tangent cone will have 
a double line passing through this new node and giving rise to a 
node on this sextic; we obtain the different varieties of quartic 
surfaces possessing nodes by consideration of all special cases of 
sextic curves with a contact-conic*. 

It is to be noted that the existence of a contact-conic u, = 0 of 
a sextic implies also a contact-quartic u,=0; if a sextic has another 
contact-conic v,=0, and hence another contact-quartic v,=0, an 
identity exists of the form 

Ugly — Us? = Voy — Vs? 
Now by multiplying the equation of the surface by u, we derive 
(U,W + Us)? + Ugly — Us’ = 0, 
hence in the present case 
(tg + Us)" + U0, — Us? =O ..... sce seceees e(1), 

Denoting by c, the intersection of the quartic surface with 
the cone v, = 0, it is clear that v,=0 meets the surface (1) in the 
curve c, and in the four lines u.=v,=0; but v, meets (1) where 
it meets the two nodal cubic surfaces 

U,W + Us — Vz, = O, 
UW + Us + Vz = 0, 

hence in general c, must break up into two quartic curves, either 
of which is the partial intersection of v, with a cubic surface which 
contains also two generators of v,. These curves are therefore 
quadri-quarticst. Hence the surface contains an infinite number 

* This method is due to Rohn, see Die Flichen vierter Ordnung hinsichtlich 
ihrer Knotenpunkte und ihrer Gestaltung, Leipzig, 1886. 


+ We denote by quadri-quartic the type of twisted quartic through which an 
infinite number of quadrics pass. 


1—2 
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of quadri-quartic curves which are projected from the node into 
quartic curves which touch the sextic u.u,—u=0 at each point 
of intersection *. 

Hence if the curve uu, — u;2=0 has more than one contact- 
conic it has an infinite number of contact-conics. 


4. Nodal sexticst. 


For the purpose of classification ‘of nodal quartic surfaces 
we discuss various properties of sextic curves with a contact-conic. 
In the first place it may be seen that sextic curves with six nodes 
lying on a conic c, can have their equation expressed as above. 
For if c;=0 is any,cubic through the six points, any other cubic 
through them is of the form ¢;+¢,f=0; and any sextic through 
the complete intersection of c, and c; being 


CoCy + Calg = O, 


if the six points are nodes on this sextic c, and c; must be of the 
form ¢;M+¢,N, c;-+¢c,R respectively. 
Hence the required sextic takes the form 


Ce + C30; A -- c2B _— 0, 
ie. the form ke —¢e7V=0, 


and hence has a contact-conic. 

The corresponding quartic surface is w?V + 2wK,;+ c= 0; this 
has the plane w=0 as asingular tangent plane or trope, which 
touches the surface along a conic. 


Sextics with seven nodes. 


There are two different kinds of seven-nodal sextics, viz. that 
for which 1t is possible to find a pair of points P, P’ on the curve, 
such that through the seven nodes D,... D, and P, P’ there pass 
an infinite number of cubics, and the one for which it is not 
possible ; considering the former kind, then if one such pair of 
points exists there 1s an infinite number of such pairs; for taking 
c,; and c; as two such cubics, then c,, the given sextic, since it 
passes through the complete intersection of c, and c,’, has an 
equation of the form 

Cn o- 6, 0, = 0. 

* For such a point of intersection P is the projection of an actual intersection 

Q of the quadri-quartic and the curve of contact of the tangent cone, and the 


tangents to these curves at Q lie in the tangent plane of the surface. 
+ See Rohn, l.c. 
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Now c, meets c, only in D,....D,, P, P’ and two further points 
Q, Q’, hence I’ passes through D,...D, and also through Q and Q’; 
so that two and therefore an infinite number of cubics pass through 
D,... D,, Q and Q’. By varying the cubic through the nine points 
D,....D,, P, P’ we form an involution of points Y, Qonec. If Q 
coincides with P, Q’ will coincide with P’; therefore every cubic 
through the seven nodes which touches c, once will touch it 
twice. 

Since I’; is seen to pass through D,....D, and since only three 
linearly independent cubics pass through seven points, there is a 
linear connection between c;, cz, I’; and I;’, hence the sextic which 
has the property considered is represented by an equation of the 


form 
(aXd, v, x)! = 9, 


where ¢, wy, y are any three cubics through the given nodes. 

This class of sextic always has a contact-conic; for if the sextic 
1S Cg= C3? —¢;¢;', let the chord joining the intersections P,, P, of 
cz; and ¢;’, apart from the nodes, be f=0, and f’=0, f”=0 
similar chords for ¢;’, c; and ¢3,c,;; then fc;, f’c;, fc; all pass 
through the thirteen points D,... D,, P,, P2,...P.”, sat hence 
through three other fixed points*. Hence we have a linear 
relation of the form 

A fe; + Bf'cs + Cf "Cs" = 
where A, B, C are definite constants. 

Nowif G= wm Bf'cs = 4Afe;+ as "Cs; 
we have — 5 A2f?20.? + BOF F Css” = 
that is 4c? — A?f?c,+ css (4ABCF’f”% — —_ 

Hence the conic 4BCf’f" — A?f?=0 touches o, viz. at six of 
its intersections with c¢,, the other two being the points 
“ ae 

This conic is touched by f’ and f”, hence the tangents of the 
contact-conic are the chords of contact of c, and its bitangent 
cubtes. 

We observe that in this case there is a doubly infinite number 


of quartic curves c, which pass through the seven nodes and the 
six points of contact of c, and its contact-conic. 


* Since all quartics through thirteen points which do not all lie on a curve of 
lower degree pass through three other fixed points and hence belong to a pencil. 
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Sextics with eight or with nine nodes. 


If f=0 is any sextic with eight nodes D,...D, and ¢=0, 
a =0 any two cubics through them, the general sextic with the 
eight given nodes 1s 

S+rG? + ph + vy? = 0. 
If this curve has a ninth node it either degenerates into two 
cubics through the nine points (which are then the complete 
intersection of two cubics) or the ninth node lies on the curve 
J(f,¢,)=0. This is of the ninth degree and will be denoted 
by c ; it has each of the eight nodes as a triple point*. 

The curve f=0 and the eight nodes completely determine cy; if we take 
any point P of intersection of f and cy, and suppose ¢ to pass through P, 
then any sextic with the eight given nodes is of the form f+p¢¢'=0 where 
¢’ does not pass through P. 

Since P lies on ¢y it follows from the equation of that curve that the 
linear polars of P for f, @ and ¢’ concur; but the first two are the tangents 
at P to fand q¢, and the third cannot pass through P, hence f and ¢ touch 
at P, and ¢@ touches every sextic with the eight given nodes which pass 
through P. Now /f and cy meet in 9x6—8x6=6 points apart from the 
nodes, hence every sextic with eight nodes ts touched by six cubics through 
these nodes. 


If f=0 is any sextic with nine nodes and ¢=0 the cubic 
through them, f+ p¢?=0 is the equation of the general sextic 
with the given nine nodes. If there is a tenth node it will be 
included among the points determined by the equations 


Sy de dr 
Pi de ds 


The number of solutions given by these equations is thirty- 
nine, but each of the given nine nodes occurs as a triple solution. 
Hence the pencil of sextics f+ p¢?=0 contains twelve curves 
which have a tenth node (see Art. 9). 

The foregoing result as to contact-cubics is modified as follows: through 
any eight nodes of a sextic with nine nodes there pass four tangent cubics; 


through any eight nodes of a sextic with ten nodes there pass two tangent 
cubics. 


= 0. 














5. Sextics with ten nodes. 

The following result for ten-nodal sextics 1s important for our 
purpose: every plane sextic with ten nodes and a contact-conic is the 
projection of a twisted sextic on a quadric: for choosing any centre 

* As may be seen by taking any one of them as +=0, y=0, z=0. 
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of projection O and any quadric whose section by the polar plane 
of O for the quadric projects into the given contact-conic, the 
sextic cone whose base is the given sextic meets the quadric in 
a curve Cj, which has twenty-six actual double points, since each 
node of the plane sextic gives rise to two nodes on cy, and each 
point of contact of the contact-conic and the sexticis the projection 
of a point at which two branches of cy, touch each other. Moreover 
C. has thirty apparent double points*, hence the projection of ¢,, 
from any point has 30+ 26 =56 nodes, and this is one more than 
can be possessed by a curve of order 12 which does not break up 
into simpler curves. Hence ¢, must break up into two sextic 
curves. 

There are three varieties of twisted sextics on a quadric: 
(1) its intersection with a cubic surface, (2) its partial intersection 
with a quartic surface which also contains two generators of the 
quadric of the same species, (3) its partial intersection with a 
quintic surface which also contains four generators of the quadric 
of the same species. | 

The following result, which may be easily proved, is of frequent 
application: through every point P of space there pass n(n — 1) 
double secants of the complete curve of intersection of a quadric 
with any surface of order n; these double secants form the inter- 
section of a cone of order n with a cone of order n—1, the former 

cone passes through the 2n intersections of the polar plane of P 
and this curve. 

Let us now consider the plane ten-nodal sextic which is the 
projection of the first of these three varieties. This has six 
apparent double points and, since its plane projection has ten 


* Salmon, Geom. of three dimensions (fifth ed. 1912), vol. 1. p. 356. 

+ If V=0 is the surface and U=0 the quadric, it is easy to see that the section 
of the curve of intersection by the polar plane of P for U is given by the 
equations 


U A2V 2 G —_ 
AU=0, (1-5 et ) + Fi (ay —...)-=30, 
where AU=Sx/' ae U. 
=x 1 t Ox, ? 


and x,’ are the coordinates of P. Relatively to its plane the equation of this curve 
is of the form 

Vy? + Cov, -, =0; 
this curve contains n(n—1) nodes which arise solely from apparent double points 
of the curve U=0, V=0; also v,=0 is seen to pass through the common inter- 
sections of V=0, U=0, AU=0, 
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nodes, it must have four actual double points; by the last result 
six of the nodes of the plane sextic lie on a conic; it is therefore 
represented by an equation of the form 


ES — cf Vi=e0. (Art. 4.) 


The second species of twisted sextic lies on a quadric and a 
quartic surface, their intersection being completed by two gene- 
rators of the quadric. This curve has seven apparent double 
points*; and therefore, to complete the number of nodes of the 
plane quartic, must have three actual double points. Hach 
generator of the given species meets the curve four times. There 
is an infinite number of quartic surfaces passing through the 
sextic and any two generators of the quadric. For any quartic 
surface through five points of each generator and any seventeen 
points of the sextic will meet the sextic in 8+17 = 25 points, 
and therefore contain it altogether: it will also contain the two 
generators. Let us denote the twisted sextic by c, its plane 
projection by c,, and take any generator p and its consecutive 
generator as the pair of generators Just mentioned; then the cubic 
cone which contains the seven double secants of c, will touch c,’ 
twice}; hence, varying p, we obtain an infinite number of cubics 
through seven nodes of cs and bitangent to tt. 

In the third type of twisted sextic c, 1s the partial intersection 
of a quadric and a quintic, the residual intersection being formed 
by four generators of the quadric of the same species. Hach 
generator of this species meets the sextic five times. It may be 
shown as before that there is an infinite number of quintic surfaces 
passing through the given sextic and any four generators of the 
given species. The curve c, has ten apparent double points. 


We may select the four generators as follows: let p and p’ be those 
generators which are projected from the centre of projection O into the 
tangents of the contact-conic of cg drawn from some node D of ¢@ ; we then 
take as our four generators p, p’ and the generators consecutive to them. 
The line OD thus meets cg twice, and serves as join of apparent intersections 
for cg, p and for cg, p’. The compound curve of intersection of order 10 has 
twenty apparent double points, of which nine are projected into D, viz. one 
point arising from cg, two from (cg, p) (cs, p+ap), two from (cg, p’) (cs, p' +dp’) 
and four from p and p’. 

Hence the two cones of orders 4 and 5 through the double secants must 


* After deduction of five apparent double points arising from the two lines. 
+ Since p gives rise to two apparent double points of the compound curve. 
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each have a common triple edge; we therefore obtain the following results: 
if D is any one of the ten nodes there exists a quartic curve which has 
a triple point in D and passes through the nine other nodes and the points of 
contact of the tangents drawn from D to the contact-conic; also there exists 
a quintic curve which has a triple point in D, passes through the nine other 
nodes and touches the contact-conic where it is touched by its tangents 
drawn from D. This holds for each node. 


6. Quartic surfaces with eight nodes. 


Returning to the sextic curve u,u,— us? = 0, derived from the 
surface u,w? + 2u,w + u,=0, any quadric through the node is 


2t4,w~ +t,=0; 


if the quartic surface has any other node which also hes upon 
this quadric, since this node also lies on the surface 


UW + Uz = O, 


it is clear that the curve u,f,—2t,u;=0 will pass through the 
resulting node on w,u,— U2 =0 or Cg. 

This quartic curve passes through the points of contact of c, 
with its contact-conic uz, and also through the nodes of ¢, which 
result from nodes on the quartic surface. If therefore the surface 
has eight nodes we have seven nodes on cs: to each quartic 
through these seven nodes and the points of contact B,... By of 
c, and u,, there corresponds one quadric through the eight nodes, 
and vice-versa. 

Now it was stated (Art. 4) that plane sextics with seven nodes 
form two classes; in the more general case there is a singly 
infinite number of quartic curves through the nodes and B,... Bg, 
and we obtain corresponding to this case a singly infinite number 
of quadrics through the eight nodes. For the more special case 
where there is a doubly infinite number of quartic curves through 
the thirteen points we have a doubly infinite number of quadrics 
through the eight nodes, which therefore form eight associated 
points. Such a surface is represented by an equation of the form 


(a¥A, B, CP =0. 


It follows that any quadric through the eight nodes meets the 
quartic surface in two quadri-quartic curves which are projected 
from any node into two of the «7? cubics which pass through the 
seven nodes of ¢,. 


10 QUARTIC SURFACES [CH. I 


These two classes of quartic surfaces will be termed asyzygetic 
and syzygetic respectively *. 

The equation of the general seven-nodal surface being 
F=(aQA, B, CP+p==0 (Art. 2), where A, B, C are quadrics 
through the seven nodes, if there is an eighth node we obtain, 
to determine it, the equations 


oF _ oF . oF 
ing t Bing t Gag 


hence the eighth node lies on the surface 


A +pi;=0, (cau... ay 


ay es, CL 2, 


T(A.BO3)a1 7 si 0 
eS = =| te an wie 


ma WC, 


The eighth node may therefore not be taken arbitrarily, as in 
the case of the first seven nodes. 

If A, B are two quadrics through the eight nodes and 7 any 
eight-nodal asyzygetic surface, the general asyzygetic surface is 
represented by the equation 

aA*+ BB? + 2yAB + 2pT =0. 

The surface J is called the dianodal surfacet, and is the locus 
of a point whose polar planes for A, B, C and & are concurrent, 
and therefore also concurrent for every quartic surface with the 
given seven nodes; thus if P is any point of the dianodal surface, 
all the quartics through P have a common tangent line thereat, 
which touches the quadri-quartic through P and the seven nodes, 
as is seen by taking as the quartic a doubled quadric through P 
and the seven nodes. 


The dianodal surface. 


The dianodal surface contains the line joining any two nodes 
D,, D,; for if P be any point on this line then, since we may take 
the surfaces A, B, > which appear in the equation of the seven- 
nodal quartic to pass through P, they will necessarily contain 
the line D,D,, hence the tangent planes at P to A, B, > all pass 
through D,D, and therefore the point P satisfies the equation of 


* The general syzygetic surface is the envelope of the quadrics 7D +AE+F=0, 
where D, E, F are quadrics through the eight nodes. 
+ Cayley. 
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the dianodal surface. This surface thus contains the twenty-one 
lines which join any two of the nodes D,... D,. 

Again taking =, A and B to pass through any given seventh 
point of the twisted cubic determined by D,... D,, this cubic lies 
entirely in 2 as meeting it in thirteen points, and also on A and Bas 
meeting them in seven points, hence the tangent planes at P to , 
A and B will meet in the tangent line at P to the twisted cubic: 
hence, as before, the point P lies on the dianodal surface. This 
surface thus contains the seven twisted cubics which pass through 
any six of the points D, ... D,. 

The dianodal surface contains thirty-five plane cubics lying on 
the planes which contain three of the given nodes; for let L be 
the plane of three nodes and S the cubic surface which passes 
through these three nodes and has the four other nodes as double 
points; if we then write Z.S for > in the equation of the dianodal 
surface it becomes 


J(A, B,C, L.S)=LJ(A, B,C, S)+SJ (A, B,C, L)=0, 


which clearly contains the cubic L=0,S=0. This shows that 
the lines D, D,, etc. are simple lines of the dianodal surface. 

The twisted sextic which is the locus of the vertices of the 
cones which pass through the seven given nodes, hes on the 
surface ; for this sextic is obtained by elimination of A, » from 
the equations 

A;+rB;+ pC; = 0, qe 5... 4), 
which clearly lies upon J (A, B, C, =) = 0. 

Each of the seven nodes is a triple point of J, for the lines 

D,D,,....D,D, do not lie on the same quadric cone. 


7. Quartic surfaces with nine nodes. 


From the two varieties of surfaces with eight nodes we derive 
two with nine nodes. Considering first syzygetic surfaces, viz. 


aA?+...42nAB=0, 


if this surface has a ninth node it must lie upon the twisted sextic 


“a eee A, 
wy... Be ie 0. 
Ci... Gy 


This curve is the locus of the vertices of the cones of the system 
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A +2rB + uC; hence, if a ninth node exist, there 1s a quadric cone 
K whose vertex is D, which passes through the points D,... Ds. 

Taking D, as the point from which the surface is projected by 
a tangent cone (giving rise to the curve u,.u, — vu. = 0), this latter 
curve must have eight nodes lying on a conic, and must therefore 
break up into this conic and a quartic curve. ‘Therefore K, the 
quadric cone whose vertex is D,, forms part of the tangent cone 
from D,, and touches the quartic surface along a twisted quartic. 
The equation of the surface is therefore of the form 

A? + pKB =0, 

where A =0 is a quadric through the nine nodes and B=0 a 
quadric through the eight associated points D,....D,. There is 
a triply infinite number of nine-nodal syzygetic quartic surfaces. 

Considering next asyzygetic nine-nodal surfaces, from the 
equation of the general eight-nodal surface it is seen that a 
ninth node must lie on the curve 


| a, .. aa 
Bre. 75% = (), 
D Wepies llley 


which is of the eighteenth order, the dianodal curve; the ninth 
node being taken arbitrarily on this curve, there 1s a singly infinite 
number of surfaces with the nine given nodes represented by the 
equation 

A? + pP=0, 
where A is the quadric through the nine nodes and P any quartic 
surface with these nodes. 


The dianodal curve. 


The dianodal curve lies on each of the eight dianodal surfaces 
obtained from the eight given nodes; moreover the dianodal 
surfaces corresponding to D,....D,D, and D,....D,D, intersect in 
the fifteen lines joining any two of the points D,... D,, in the 
dianodal curve, and in the twisted cubic through D,... D,. 

Through D,, as being a triple point on each, there pass nine 
branches of the curve of intersection of the two dianodal surfaces, 
but of these, six branches arise from the lines D,D,....D,D, and 
the tangent at D, to the cubic D,....D,; the remaining three 
branches arise from the dianodal curve which has therefore a 
triple point in each of the eight nodes D,... D3. 
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Moreover since six of the intersections of the tangent cubic 
cones at D, to the two dianodal surfaces lie on the quadric cone 
of vertex D, and passing through D,...D,, 1t follows that the 
remaining three intersections must lie in a plane, hence the 
tangents to the three branches of the dianodal curve at D, are 
coplanar. 

The dianodal curve is seen from its equation to be the locus 
of a point whose polar planes for A, B and 7’ are coazal. In its 
equation we may take A to be the quadric through the eight 
nodes and any assigned point P, then B will not pass through P, 
and if 7 is a quartic of the system which passes through P, then 
if P is on the dianodal curve, since the polar plane of B for P 
cannot pass through P, it follows that A and 7’ have the same 
tangent plane at P. 

We may also note the following results: (1) the dianodal 
curve meets each of the lines D,D, twice, apart from D, and 
D,, (2) it meets each of the seven twisted cubics D,... Dg, etc. 
twice, apart from the nodes. For we may take the quadric 
A and the quartic 7 as passing through any point P of the line 
D,D, which will then lie on each of them, hence we have at each 
point of D,D, a (1, 1) correspondence of tangent planes which 
involves two coincidences, say at the points Q and Q’, thus both 
Q and Q’ satisfy the equation of the dianodal curve. Next take 
A and T as passing through some assigned point P of the cubic 
through D,... D,; this cubic will then lie on each of these surfaces, 
so that they will also meet in a residual quintic curve which passes 
through the points D,.... Ds. Now the number of points of apparent 
intersection of these curves is seen to be seven* and hence their 
actual intersections are eight in number, and deducting the six 
points D,....D; we obtain two as the number of their intersections 
apart from the nodes; at each of these points A and 7’ touch, and 
hence each point lies on the dianodal curve. 


8. Quartic surfaces with ten nodes. 


We have, as before, two classes of irreducible sextics with nine 
nodes, viz. according as the points of the curve are or are not 
conjugate in pairs with regard to any seven of the nine nodes. We 
have also the sextic arising from two cubics or two lines and a 
quartic. We consider in the first place these last two cases. 


* Salmon, Geom. of three dimensions (fifth ed.), vol. 1. p. 358. 
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It may be shown that, if the tangent cone from one node of a 
ten-nodal quartic surface breaks up into two cubic cones, this 
will also occur for each node. For let the tangent cone from D, 
break up into the cubic cones V and V’, touching the surface along 
the curves c, and c, respectively, then D, 1s a triple point on both 
ce and c,*, and D,...Dy, are ordinary points on ¢ and c,. Now 
the cubic surface which has D, and D, for nodes and which passes 
through D;... Dy and also through any other three points on ¢, 
will meet cs in 6+2+8+3=19 points and therefore contain ¢,; 
it therefore meets the quartic surface in another curve k, which 
has D, as triple point and D,D,....D, as ordinary points. Hence 
k, 1s projected from D, by a cubic cone which passes through 
Dig D,, Ds AD. 

In the same manner, by aid of c,, we obtain another sextic 
curve k, which projects from D, by a cubic cone. Hence the lines 
D,D,, D,D;... D,D, form the complete intersection of two cubic 
cones, so that the sextic tangent cone to the quartic surface from 
D, has as double edges the complete intersection of two cubic 
cones: it must therefore break up into two cubic cones. Applying 
the same reasoning to each node it is seen that the tangent cone 
from each of them must break up into two cubic cones. This 
surface is called the symmetroidt. . 

In the next place, when the sextic splits up into two lines and 
a quartic curve, we see that through the node = y=z=0 there 
pass two planes, each touching the surface along a conic; each is 
a trope. The equation of the surface is of the form 


A? + pxyB = 0, 
where A and B are any two quadrics. 


* Since any plane through D, meets cg in three points apart from D, and 
so for cg’. 

+ See chap. rx. It is seen from the foregoing that any cubio cone whose 
vertex is a node and which passes through the nine other nodes, meets the surface 
in two sextic curves having the vertex as triple point and passing through the nine 
nodes, 

We thus obtain ten sets of sextic curves on the surface. 

Since the equation of the surface may be written 

0=M?+VV'=u,.F, 
where F=wu.+2wigtty, M=wugt+ug, VV'=ugu,—uz*, 
it follows that the cubic surfaces 
peV+2pM-V'=0 


touch F along the sextics F=0, p?V+V'=0. 
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The nodes lie on two conics: the tangent cone from each of 
the eight associated nodes breaks up into a plane and a quintic 
curve with four double points. 

We now pass to irreducible sextics, first those whose points 
are conjugate in pairs giving syzygetic surfaces with ten nodes. 
Such surfaces are represented by an equation of the form 

A? + pK, K, = 0, 
where K, and K, are cones whose vertices lie on the quadric A. 
Next if P=0 is any asyzygetic surface with nine nodes, then 
among the surfaces 
A? + pP=0, 

there are thirteen which have a tenth node; for such a node is an 
intersection of the dianodal surface of D, ... DD, and the dianodal 
curve of D,....D;; there are 6 x 18 = 108 such intersections, but 
of these D,... D, being triple points on both the surface and the 
curve count as 9 x 6 = 54 intersections, and the points D,, D,, D, 
each count as three, also the two intersections of the fifteen lines 
D,D,, etc. with the dianodal curve give thirty points, and its two 
intersections with the twisted cubic D,... Ds give two more points 
which are not solutions; this leaves 


108 — 54 —-9 — 80 —2 = 18* solutions. 


* Of these thirteen solutions one gives a symmetroid; for if P and A have the 
equations 
WwW Uy + 2wug+ug=0, wty+te=0, 
where D, is the point z=y=z=0, we may write the equation A? + pP=0 in the form 
w? (ty? + 2pug) + 2w (ty te + 2pug) + ty? + 2pus=0; 
the sextic curve is therefore 
2p (ugu4 — Ug”) +ceg=0, 
where Cg = ty? Ug + to* Ug — Qt, toug 
is the projection of the curve of intersection of A and P. All these curves have 
as double points the projections D,'...D,’ of Dz...D9, and cg has also as double 
points those in which the generators of A through D meet the plane of projection. 
All these curves touch cg twice. 
Now all sextics having as nodes D,’...D9’ and which touch cg twice must have 
an equation either of the form 
Cgtogs*?=0, 
where ¢3 is a cubic through D»,...Dg, or of the form 
Cot+od3x3=0, 
where $3, x3 are two cubics through the nodes Dg’...Dg' of cg which touch it. 

But the first form is excluded, since no doubled cubic can occur in the pencil of 
sextics; and the second form shows that as one curve of the pencil we have two 
eubies, i.e. for one of the surfaces 4?+pP=0 the tangent cone from D, breaks 
up into two cubic cones, and we have a symmetroid. 
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9. Quartic surfaces with eleven nodes. 


The three varieties of plane sextics with ten nodes (Art. 5) 
lead to three types of quartic surface with eleven nodes. The 
equation of the first variety was seen to be of the form 


. ue — uszKk =O; 
this sextic arises from the quartic surface 
Kw? + 2u,w + uZ = 0. 


The six nodes which lie on a conic are given by the equations 
w=0, u.=0, u,=0; the plane w=0 is a trope. 

The tangent cone drawn to the surface from any one of these 
nodes breaks up into the plane w=0 and a quintic cone, the 
tangent cones from the remaining five nodes are irreducible. 

If P=0 be a quartic surface having the six coplanar points as 
nodes and also five other nodes, and A a quadric passing through 
four of these last five nodes and also the conic containing the six 
nodes, then 

P+ pA?=0 
is a pencil of quartic surfaces having ten nodes: the equations 
P; 
A; 


give forty solutions, but the given ten nodes count triply among 
them, leaving ten surfaces of the pencil having eleven nodes and of 
the type just mentioned. This surface may be called XI,. 

The second kind of plane sextic with ten nodes has an infinite 
number of bitangent cubics through seven of its nodes (Art. 5); 
the quartic surface to which it corresponds must therefore be 
syzygetic ; the equation of the ten-nodal syzygetic surface being 
‘A? + pK, K, = 0 (Art. 8) it may be shown that in this pencil there 
are twelve surfaces which have an eleventh node. It is easy to 
see that the equation of such a surface has the form 


VK, + K,+ VK; = 0, 


where kK, =0, K,=0, K,;=0 are cones, and such that the vertex 
of K, les upon K,— K,=0, ete. This surface is called XI,. 

There remain two cases in which the sextic curve breaks up 
into simpler curves: either into two lines and a nodal quartic or 
into two cubic curves. 


= 0 
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In the first case the equation of the surface 1s 
A? + pkay = 0, 
where A is a quadric and K a cone whose vertex hes on A. This 
is XIq. 


In the second case we have a symmetroid, hence 
(Ug W + Us)? + U3U3. = Up (Ug W? + 2Usw + Uy). 
Here either v, or v,/ has a nodal line, arising from an eleventh 
node on the surface. The tangent cone from this eleventh node 
to the surface gives a plane sextic of the third variety. This case 
is XI,. 


10. Quartic surfaces with twelve nodes. 


A surface with twelve nodes gives rise to a sextic curve with 
eleven nodes: this sextic must therefore break up into simpler 
curves. The cases which provide eleven nodes are the following : 


(1) a quintic with six nodes, and a straight line, 

(2) a quartic with two nodes, and two straight lines, 
(3) two nodal cubics, 

(4) a cubic, a conic and a straight line, 

(5) a quartic with three nodes, and a conic. 


It may be shown that a plane quintic with six nodes and 
a contact-conic may be regarded as the projection of a twisted 
quintic on a quadnic. The proof is exactly similar to that for the 
plane sextic with ten nodes. By addition of a generator it is 
easy to see that we obtain a special case of the second class of 
twisted sextics on a quadric*; hence the quartic surface corre- 
sponding to case (1) must be syzygetic. Moreover it will contain 
six nodes on a conic. If D,’...D,’ are the intersections of the 
plane quintic and the line, then D,...D, lie on a conic. 

Two cases occur according as four or two of the associated 
nodes lie on this plane; in the first case since four of the 
associated nodes are coplanar, so also are the other four, and 
the equation of the surface is of the form 


A? + payk =0; 
it is a case of XIz. This surface is XIIj. 


* A quartic surface through three generators of a quadric meets it also in 
a quintic; each generator of this set meets the quintic four times, hence (Salmon, 
p. 358) H=3 and therefore h’=6. 


J. @: 8. 2 
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The surface has two tropes each containing six nodes: taking 
them as D,....D; and D,D,D,... Dy it is clear that the tangent 
cones from the points D,D,....D,, break up into a plane and a 
quintic cone; the tangent cones from D, and D; into two planes 
and a quartic cone; the tangent cone from D,, includes K, and 
therefore breaks up into a quadric cone and a quartic cone with 
three double edges. 

When only two* of the points D,....D, are among the eight 
associated nodes, if e.g. they are D, and D,, then the tangent cones 
from D;....D, break up into a quadric cone and a quartic cone, 
but this quartic cone must consist in part of the plane D,... Def, 
thus the tangent cone splits up into two cubic cones and we have 
a symmetroid with twelve nodes. This is XIIq. 

The second case, a binodal quartic curve and two straight lines, 
leads in general to XIIq, ic. A? + pxyK =0, but if K breaks up 
into two planes we obtain the surface 


A* + pxyzw=0; 


this is a twelve-nodal surface in which the tangent cone from 
each node breaks up into two planes and a quartic cone with two 
double edges. This surface is XII,. 

The cases (8) and (4) lead to the surface XII,. Case (5) may 
lead to XIJg, but if in more than two cases the tangent cone from 
a node breaks up into a quadric cone and a trinodal quartic cone, 
we have a special case of XI,. In this case every tangent cone 
must split up into such a quadric and quartic cone, otherwise 
we should obtain one of the preceding cases, which are excluded. 
The twelve nodes form three sets of eight associated points. 


11. Quartic surfaces with thirteen nodes. 
The plane sextics with twelve nodes divide themselves into 
the following classes: 
(1) three conics, 
(2) a nodal cubic, a conic and a straight line, 
(3) a trinodal quartic and two straight lines, 
(4) a cubic and three straight lines. 


* The case in which three of the six points belong to the associated nodes 
cannot occur. 
+ The quadric cone cannot split up, as giving two tropes. 
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Three conics u, v, w with a common contact-conic form a 
degenerate sextic of the first kind arising as the projection of 
three conics w%, v%,, w, upon the same quadric. The cone whose 
vertex is D, which stands on u meets this quadric in the pair 
of conics w, %. Similarly we have the pair w, v,/ and w, wy; 
since wu, and 1, have two apparent points of intersection, the three 
conies w,, 2, and w, have six which lie on a quadric cone. 

This applies also to the conics 


‘ot. / /. Ua . 
WyUWy, UUW, WWW); 
hence we have from the conics u, v, w four new conics upon which 


their twelve intersections le by sixes. Hence there are four 
tropes*, and the surface is a case of XII,, viz. 
A? + pxyzw = 0, 

The thirteenth node is one of the eight solutions of the 

equations 
A,.w7=A,.y=As.2= Ay.w. 

The tangent cones at each of the first twelve nodes break up 
in each case into two planes and a quartic cone with three double 
edges. This surface is XITI,. 

The plane sextic (2) consisting of a line, a conic and a nodal 
cubic (all having a common contact-conic), is the projection of 
the complete intersection of a quadric and a cubic surface which 
have a line and a conic in common. Let D,’ be the node; 
D,'D,/D,,, the intersections of the line and cubic; D,'D, the 
intersections of the line and conic; D;... Dy those of the conic 
and cubic. 

Considering the three loci on the quadric it is clear, since the 
generator meets the conic once and the cubic twice, while the 
conic and cubic meet three times, that there are five apparent 
intersections of these curves. Let their projections from D,; be 
DD; D; DD, ; then these five points he on a conie with D,’, 
hence D,D,D3;D;D,D, lie on a conic. 

The cone joining any point to the conic on the quadric meets 
the quadric in another conic; by associating this new conic with 
the generator and twisted cubic it is easily seen that the points 

D, D, Dy Dg Dy Do 
lie on a conic. 


¢ 


2—2 


* See the first variety of surfaces with eleven nodes. 
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Hence we have that 
D,D,D;D;D,D, lie on a conic, let = 0 be its plane. 
DDD, Dy Dv eee een eenconecceenes ¥Y — 0 cece eneence 


D,DsD,Dy DD; ee = 0 ecoccccceree 


It follows that three tropes pass through D,. 
Since D,....D, lie on two conics intersecting in D, and D,, 
a quadric S through D,... D,. has an equation of the form 


cu+yv—zw=0; 
hence since c=0, y=0 are tropes meeting the surface in two 
conics lying on S, the equation of the surface has the form 


(cu + yo — zw) + 4ayV = 0. 


But since z=0 is also a trope it follows that V = zw' — uv; 
hence the equation of the surface 1s 


au? + ye? + 22w? — Qyzvw — 2zxwu — 2eyuv + 4acyzw' =0. 


This may be written in the form 


O zy Uu 
- 0 w# Y 

= 0. 
Yur OD 
“uwveww 


This surface is XITI,. 

The tangent cone from D, consists of three planes and a cubic 
cone; the cones from D,D,D, of two planes and a quartic cone 
with three double edges; the cones from D,...D,; of a plane, a 
quadric cone and a cubic cone with a double edge. 

Hence if the plane sextic consists of three lines and a cubic 
we have XIII,; if it consists of two lines and a trinodal quartic 


we have XIII, or XITI,. 


12. Quartic surfaces with fourteen nodes. 


The plane sextic with thirteen nodes is formed either by two 
lines and two conics or by three lines and a nodal cubic; it will 
be seen that either leads to the same fourtcen-nodal quartic 
surface. For in XIII, the tangent cone from one node splits up 
into three quadric cones; if there be another node one of these 
cones must consist of two planes a8 which pass through the 
add*tional node D,,. Since af is a tangent cone it will pass 
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through eight associated points of the nodes D,...D,; if the 
equation of the surface is A? + pxyzw=0, let these eight points 
be taken as the intersections of 


A=0, ay=0, zw=0; 
then A = 4B + pxy + qzw, 
and the equation of the surface is 
(aB + pay + qzw) + payzw = 0. 


But since a8 is a pair of tropes it follows that p = — 4pq, hence 
the surface is, with a slight change of notation, 


wal? + yy"? + 222? — Qyzy'2' — Azaz'a’ — Axya'y’ = 0, 


or O 2 yw & 
0 / 
zZ eo y - 
yme 0 2 
z ae © 
or again V xa! + V yy’ + V22' = 0. 


Also the pencil of surfaces included in XITI,, viz. 
eee? + oy”? + 2°22 — Qyzy'2' — Qzue'x’ — 2eye'y’ + pxyzw' = 0, 
includes the preceding surface. Thus the addition of one node to 


XIII, or to XIII, leads to the same fourteen-nodal surface. It is 
to be observed that the surface has as tropes the planes 


2=0, #=0, y=0, 7=0, 2z=0, 7=0, 
and has as nodes the points 


(ayz), (ay'2), (aye), (a’y2), (ay'Z), (ay'2), (aye’), (cy'2) 


together with the six points 


c=aae= yy —e7=0, yoy =22—a7 =0, 227 =22'—yy =0 


The tangent cone from any one of the first eight nodes consists 
of three planes and a cubic cone with a double edge; the tangent 
cone from either of the last six nodes consists of two planes and 
two quadric cones. 
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Surfaces with fifteen or with sixteen nodes. 


Between the six planes z...2 there exists a singly infinite 
number of linear identities; if one of them is of the form 


Ax+By+Cz2+A'e’ + By + O7/=0 ....... (3), 


with the condition 
AA"= BB = CC’, 
then one condition is imposed upon the system of six planes; and 
if this condition is satisfied the point given by the equations 
Ag= Ae’, ByéBy, Ce] C? 
is a node of the surface. For this point is seen to lie on the 
surface, and at this point the differential equation 


cds’ + x'da r ydy’ + yidy | zdz + z'dz 


Be i —=— =0, 
Vaca! V yy! V 227 
giving consecutive points on the tangent plane thereat, becomes 
da’ da dy , dy , dz a 


+4, = 0, 


ie Be ow 
which vanishes identically, as 1s seen by differentiating the 
equation (3) and using the condition AA’= BB’=CC’. Hence 
this point is a node of the surface. The surface is therefore 
fifteen-nodal if this condition is satisfied. 
The sextic cone from any node now splits up into four planes 
and a quadric cone. There are ten tropes, viz. the planes z... 2 
and the four planes 


Cz+Arc+By=0, Cz+A'e’+ By =0, 

C’z’ + Av+ By =0, C'?/ + A’o'+ By'= 
These planes are seen to be tropes since, for instance, the plane 

A's’ + B'y' + 0’ =0 
passes through the fifteenth node, the points (#yz), (a’y’2’), and 
through one of each of the three pairs of nodes (2); it thus 
contains six nodes and is therefore a trope. 
If a second linear identity between the planes z...z’ exists, 

the constants of which are connected by a similar equation, there 


will be a sixteenth node*, and we have the sixteen-nodal surface 
of Kummer. 


* See also a paper by the author, Quarterly Journal of Mathematics, 1900. 
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The surfaces which have been discussed in this chapter are the 
following : 


Surface Number of 
nodes 

(a¥A, B, C, D, B, FY - 
(aA, B,C, D, EY 5 
(aQA, B, C, DP + pt 6 
(a¥A, B, C+ pX 7 
(aj A, B, Cy 8 
(QA, BY + pT 8 
A? + pKB S 

EE being a cone whose vertex is on A 
A* + pP 9 
Thirteen of the pencil of surfaces A? + pP 10 

where P is any quartic surface with nine nodes 

and A passes through them; one of these surfaces 

is a symmetroid 
A? + payB 7 10 
A? + pk, K, 10 

where K, and K, are cones whose vertices lie on A 
Symmetroid with eleven nodes, XI, 1] 
Kw? + 2wu,+u,?, XI, ll 
A?+ pk, K,, Xt, 11 

a case of preceding, 
A?+ pKay, XIq 11 
A? + pxyzw, XII, 12 
A?+ pk, K,, XI, 12 

a case of preceding, 
Symmetroid with twelve nodes, XII, 12 
A?+ pKay, XIlIg 12 
A? + paxyzw 13 
a2ut + ye? + 22? — 2yzvw — Qzewu — 2eyu + 4ayzw’ 13 
Vora’ + V yy’ + Ved 14, 


The same, where Avw+By+Cz+A’a'+ By'+C7/=0, 15 
with the condition AA’=BB’=CC" 


The same, where an additional condition of this form 16 
exists. 


CHAPTER II ° 
DESMIC SURFACES 


13. An interesting type of quartic surface which possesses 
nodes but not singular curves is afforded by desmic surfaces. 
Desmic* surfaces are such that a pencil of such surfaces contains 
the special quartics formed by three tetrahedra. The equation 
of a desmic surface is 


4 
VA, + wA,+vA;=0, where A,=II (a; + a;'a,+ aa; + a;'"a,), ete., 
1 


and where an identity exists of the form 
aA, + BA, + yA; = 0. 
Such tetrahedra are called desmic. They are shown to exist 
by consideration of such an identity as 
(a? — y?) (2? — B) + (a? — t) (y? — 22) + (a? — 2) P —y*) = 0...(1). 
Writing the preceding identity in the form 


4 4 4 
ILA; + ILB;+ IIC; = 0, 
1 1 1 


it is clear that any face of A, and any face of A, are coaxal with 
some face of A;. Hence A, may be written in any one of the forms 


IN(C,+«4;), W(C,+«/Ai), W(Cs+«/A;), L(G, + «:"A;). 


It follows that the edge (A,, A.) of A, meets A, in edges of the 
latter, viz. at the points A,= A,=C;=0, (¢ =1, 2, 3, 4), and two 
of these points are necessarily distinct since the faces of A, are not 
concurrent. ‘These two edges of A, do not intersect, for otherwise 
(A,, Az) would lie in a face of A,. Also since A, = II (C, + 4«;A;) 
it is clear that (A,, A.) and (Ax, A,) meet opposite edges of Ag, 
1.e. (A,, A.) and (A;, A,) meet the same pair of opposite edges of 
A,. Hence any pair of non-intersecting edges of one tetrahedron 
meet a pair of non-ntersecting edges of either of the other two 


* Seouss=pencil. See Humbert, Sur les surfaces desmiques, Liouville (1891). 
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tetrahedra ; also we obtain sixteen lines through each of which a 
face of each tetrahedron passes. 

Taking A, as tetrahedron of reference and one face of A, as 
a+y+z2+t=0, the identity becomes 

avyet+(a@+y+2+t) BBB, + C,0,0,C,=0; 

and the fact that any two opposite edges of A, meet two opposite 
edges of A, leads at once to the form of B,, B; and B,. Finally 
the identity 
l6nyzt—(a+y+2+t)(a+y—2-t)(«@—-y+2—t)(@-—y—z+t+t) 

—(a@+y+2—t)(et+y—z2+t)(e—y+24+t)(—e+y4+24+=0 


shows the form of C,... C4. 

The form obtained for A, shows that any edge, e.g. (wy), of A, 
meets opposite edges of A, in two points harmonic with the points 
(xyz), (xyt), hence any two vertices of A, are harmonic with the 
points in which their join meets opposite edges of A,. Hence if A, 
is given, a tetrahedron A, desmic with it is obtained as follows: 
uf P be any point, draw through P a line to intersect a pair of 
opposite edges of A, and let P’ be the fourth harmonic to P and the 
points of intersection, also let P”, P’” be the two other points similarly 
determined, then the tetrahedron PP’P’P” 1s desmic to A,. 

The identity 
dGaee erie tit") 
=(@t+ytz+tpt+(e@ty—z—tP+(a-yt+z—-tP+@—y—2zttp 
=(a@t+ty+z—tf+(et+y—zt+tpt(a—yt+ettyP+(—aet+y+z+t) 
shows that A,, A,, A; are self-polar for the quadric 

e+y+2a+er=0. 
Hence since the intersection of any two faces of A, and A, hes 
in a face of A,, it follows by reciprocation that the join of any 
two vertices of A, and A, passes through a vertex of A,; we thus 
obtain sixteen lines each of which contains a vertex of each tetra- 
hedron. Therefore three desmic tetrahedra are such that any pair 
of them have four centres of perspective, viz. the vertices of the 
third tetrahedron. Conversely if two tetrahedra have four centres 
of perspective they are in desmic position. For it is easy to see 
that two such tetrahedra have the property that each pair of 
opposite edges of one tetrahedron meets a pair of opposite edges 
of the other tetrahedron, and this necessarily involves that the 
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tetrahedra are in desmic position, as may be seen by expressing 
the latter conditions. 

The identity (1) affords another system of desmic tetrahedra 
D,, D,, D; closely related to that given by (2): the faces of 
D,, D,, Ds are respectively 

2-y=0, «#+y=0, z2-t=0, z+t=0; 
x—-z=0, x+2=0, y-t=0, y+t=0; 
2-t=0, #+t=0, y-z=0, y+2=0. 

The vertices of the three tetrahedra A; which arise from (2) 
being respectively 

I (0001) (0010) (0100) (1000) 

7 @ @m ah any 

II (ill) (Quy dilly (diy 
it may be observed that the preceding sixteen lines joining the 
vertices of A; are the intersections of the faces of two tetrahedra 
D, (e.g. the planes « — y =0, « — z=0 contain the three points in 
the first column); and that the join of two vertices of a A meets 
two opposite edges of another A in two vertices of a D. 


14. Desmic surfaces. 


We may therefore take as the equation of the general desmic 


surface the equation 
aD, + bD,+ cD; = 90, 


where D,+ D,+ D; = 0. 
This may be written in the form 
(ey) (e—-?) +k (@—2“)(y—-#)=0; 
it has the twelve points I, II, III, the vertices of the A;, as nodes; 
and contains each of the sixteen lines joming the vertices of A; by 


threes. 
The equation of the surface may be written in the form 


ae A+ u+v=0, 

where a=f-y, B=xP—2, y=x?-F# 

Now any quadric through the eight points II, III is clearly 
Aa+ BB+ Cy =0, 


whence it follows that this quadric meets the desmic surface in two 
quadri-quartics; and that these curves form a simply infinite system. 
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Again the desmic surface may be written 
Dr (ay? + 270?) + po (ae? + yt?) + vo (PP + y's?) =0, A+ u+v=0; 
or vA (ay — 2t)? + pw (az — yt)? + v (at — yz)? =0. 
This surface is intersected by the quadrics 
A (ay — 2t) + B (az — yt) + C (at — yz) =0 


in pairs of quadri-quartics. These quadrics pass through the 
points I, II. Similar considerations apply to the quadrics 


A («xy + 2t) + B (az + yt) + C (at + yz) = 0, 


which are those passing through the points I, iJ. Hence there 
exist three systems of quadri-quartics on the surface. Through 
each point of the surface there passes one curve of each system. 

It is known that the generators of the system 


Aa+ BB+ Cy=90, 


as belonging to the quadrics through eight associated points, form 
a cubic complex. The quadrics contain four systems of cones 
having their vertices at the points I, and any line through any 
one of these four points belongs to one cone of its system. Hence 
every line through the points I belongs to the cubic complex, and 
it is clear that every line through the points II and III belongs 
to this complex, which is thus determined by the twelve points I, 
II, III (for the join of any point P to these points gives twelve 
lines of the complex through P). The complex is therefore the 
same whichever system of quadrics be used. 

Considering any line p of this complex, p is thus a generator 
of a quadric of each of the three systems, hence it is a chord of 
each of three pairs of quadri-quartics: thus if p meets the desmic 
surface in the points a,, a, ds, as, then 


= 


aa, and asa, belong to a quadri-quartic of the system I, IT, 
oe ee ee I, TM, 
CUMIN oops neces svecenccecccesscccccseeccsesegecees If, III. 


15. Expression of the surface in terms of o functions. 
Consider the surface defined by the equations 


_ oi (u) _ o,(u) _ 63 (%) _ a (u) 
ee ae) * ast)’ 8 @)’ 
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se a z 
with similar expressions for 7 re where 


ian a(v)’ 


the functions o are defined as follows: 


(Z 3) = (u) +4, ete. 





It follows that 
2 gta ¥ _ pute 


#—# @(u)—¢(x)’ ¥-P ea) — er)’ 
2 (utes 
2—t ou) — @ (r)’ 
whence eliminating @(u), @(v) we obtain 
1 # e,(a@—#) 
1 PY ay—F) |=9. 
1 2 e(2—?#) 
This gives on expansion 
(€; — 2) (ay? + 2°47) + (es — €,) (wa? + yt?) + (€. — es) (at? + y?2?) = 0; 
which is the form of the equation of the desmic surface previously 
obtained. 
Nodes, lines and quadri-quartics of the surface. 
If 2w,, 2m, are the periods of @ (6) and if w,+ @,-+@;=0, then 
since 
a(9+ 20) _ 2,(9) a(8+20:)_ — 7 (8) 
a(0@4+2w,) o(0)’ o(0+2a,.) o(6)’ 





etc., 


it follows by considering the ratios 7 at that to any point of 


the surface there corresponds an infinite number of arguments of 


the form 
eu + 2kw, + 2kh’a, + 4ho, + 4h’ar., 


ev + 2kw, + 2h’ a, + 4h, + 4h,'o.; e= +1. 


We obtain the nodes I when v has the values 0, @,, w,, @s3, 


es» widely SDE IRs 0 TT... BE Ui cccnnvcncvecee QO, LOH, Diy, Beeps 

My. . dasuite.. a MRE ces es TIT... WHE. c......00000060, Dey, eee ee 
The sixteen lines of the surface correspond to the equations 

u=0, v=2ka,+ 2k’o,; U=0,, V=a,+ 2kw, + 2k’o,; 


‘i= Wo; = Ds + 2ko, + 2k’ we; U = @s3; v= = "We + 2kea, + 2k' as; 


i at 


where k, k’ are zero or unity. 
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The well-known relations* 
o (ut) 0 (u—0)=93(u) ox? (v) — (0) on? (u), 
or(u-v) o (U+ 0) = op (U) oy (U) or (¥) © (Y) + oy (v) o, (¥) or(u)o(u), 
o (Utv) a (U—v) =o (U) o (UW) oy (U) oY (Y) — 4 (U) oy (U) or(v) o(2), 


lead to the following identities when the values of a, y, z, t are 
inserted, viz. 


A(#2-2)4+B(y-#)4+C0(2-P) 


an EE oh cts oh 





= a2 (v) o°(0) o3' (0) 
A (ay + 2t) + B(az + yt) + C (yz + at) 
_o(u + v){Ao;(u—v) + Bo, (u— v) + Co, (u—v)} 
Pao wa()o(v) ” 
A (ay — 2t) + B(az — yt) + C (yz — at) 
_o(u—v) {Ao;(u + v) + Bon (ut v) + Co. (ut vy 
p?a (v) a; (v) o2(v) 3 (v) 
Hence it follows that for the quadri-quartics II, II 
v = constant ; 
for the quadri-quartics I, III 
u— v= constant ; 
and for the quadri-quartics I, I 
u + v = constant. 


It is to be observed that the curve v = a is identical with the 
curve 
yv=tat 2hw, + 2h’'u,; 


and that wu — v =a is identical with 
u—v=tat Shw, + 4h'w,. 


16. Intersection of a line of the cubic complex with the 
surface. 


Any line p of the preceding cubic complex is a chord of three 
pairs of quadri-quartics: if (u,v)... (u,v) are the arguments of its 
four points of intersection with the surface, let a pair of curves of 
the system II, III be v=a, v=, then we may take 


Vy = Us = 4G, Vg = U3 = Bs 


* See Harkness and Morley, Theory of Functions, p. 315. 
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the u; are then connected by the equations 


UW+a=e(tU+P), wta=e(ust+ 8), 
U;—A=e,(Us— 8), m—-a=E,(uU.— B), 
where e; = + 1. 

Since p is any generator of the quadric containing the curves 
v=a,uv=8, the u; each involve one indeterminate, hence on sub- 
tracting the third equation from the first and the fourth from the 
second and identifying the results we obtain 


G—&, ge= an fy —— %; 
hence taking ¢, = 1* and writing u, = 8 + p, the arguments of the 
points of intersection are given as 


wW=B+ph, U, = B— p, Ug = A+ ps; Uzg=A— pl, 
Vv, = a, | 04 v= B, v3 = 8. 


17. Bitangents of the surface. 


The tangents to the quadri-quartics of the three systems which 

pass through the point (u, v) are bitangents of the surface; for 
(u,,%)= (us, %) 1f w=0 and then (wu, v,) = (us, 25); 
Cp na — °) (Us, Us) = (U4, %); 
(1, Wl=(%, 7) ff ae—-Bo...... (2, Vr) = (Uy, 4). 

It also follows that the three bitangents of the surface deter- 
mined by the point (wu, v) touch it at the points (v, u), (2v—, v), 
(—2v—wu,v). These three points are collinear, since the join of 
the points (2v — u, v), (— 2u— 4, v) by the preceding Article meets 
the surface in the points (v, u), (— 3, w). 

If p touches curves of the system II, III at P and Q so 
that P is the point (a, 8) and Q the point (8, a), then, as Q moves 
to a consecutive position on the curve v =a, P takes a consecutive 
position on the curve u =a; thus the tangent plane to the surface 
at P’ passes through PQ, so that the tangents at P to the curves 
u=a, v= are conjugate, and the curves u = constant, v = constant 
form a conjugate network on the surface. 

Similarly it is seen that the system conjugate to u+v= const. 
is 3v —u=const., and that the system conjugate to u —v=const. is 
dv + u= const. 

We can now determine the relation connecting any pair of 
conjugate tangents at any given point of the surface ; for if du, dv; 


* Taking ¢;= —1 gives the same form of result. 
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du,, dv, correspond to this pair of conjugate tangents we have an 
involutive equation of the form 


dudu, + p(dudv, + du,dv) + gdvdy, = 0, 
where p and g are functions of u and v. 
Expressing that this equation is satisfied by du =dv,=0 and 
by du — dv = 3dv, + du, = 0, we obtain that 
p=, g=3; 
and the equation assumes the form 
dudu, + 3dvdv, = 0. 


The asymptotic lines correspond to the assumption du=dwu, 
dv=dy, and their ditferential equation is therefore 


du? + 3dv?= 0, 
whose integrated form is 


u+%3iv=constant, w—V3iv = constant. 


18. Plane sections of the surface. 


The plane 


(€, — @3) 0; (a) 0, (B) 01 (y) a, (6) e+...4... 
— (€, — &2) (€2— &3) (@s—&) 7 (a) 7 (8) o (y) 0 (6)t=0 
passes through the sixteen points whose arguments are 
B+yt6,a; B-y—-8,a; at+yt+6,8; a—-y—-5,B; 
ose, Sy 6,8; Ce a—y8; y= o—a, B; 
at+tBto,y; S-a-B,y; atBt+y, 6; y-a-B, 4; 
eae, 8-8-4447, B—-y-£8; ¢—-B—y, 6 
For two forms of the “equation of three terms” of the 
o-functions are* 


(Cu — &y) 7 (A) oa (b) 0, (0) on (d) + (Cr — a) On (@) (5!) On (C) On (EL) 
+ (€, — Gx) Ty (a") oy (b”) o, (c”) oy (d") =0; 
o(a) oy (b) 7 (c) 0, (d) — 0, (a’) 6, (b') oy (’) 0, (0 

+ (€, — x) (@. — &) o (a”) & (b”) & (c”) o (d”) = 0; 

where 2a = at+b+ct+d, 2a”=a+b+c-d, 

2b'= at+b—c—d, 2b’ =a+b-—c+d, 

2° = a—b+c—d, 2%” =a—b+ctd, 

2d’ =—-at+b+c—d, 2d”=a—b—c-d. 

* See Harkness and Morley, Theory of Functions, p. 313. 


32 DESMIC SURFACES [cH. It 


In the first formula taking 


a =0, b= a4+8, c= aty d= Bq, 

a =a+B+y, b =-y, c =—8, d'’= 4, 

a” =a, b= B, c= 9, d"=—(at+B+y¥), 
we obtain 


(Cu — Gr) or (24+ B) or (aty)a(8+y) 
+ (€, — @) Op (a+ B+) op (&) on (B) on (Y) 
+ (@, — ex) oy (+B ++) 0, (4) 0, (8) 0, (y) = 9. 
In the second formula let 


a =a+8+y, b =-— G, C =— £, d mere 
a’ =0, P= By ¢= ya, @s-CrP) 
q” = yy, b= BZ, c= 4, d"= a+B+y, 


we then obtain 
oy(a+ B+) 0 (2) on(8) on (7) — on (8B +4) On (ry + 4) 0, (4+ B) 


+ (€, — x) (Cx &r) o (2) o (B) o(y) o(a+B+y)=0. 
On substitution from the previous result it follows that 
(Cn — er) o, (4+ B +) 02 (2) oa (B) oa (Y) 
+ (Cy — €) On (4+ B +) on (4) On (B) On (7) 
+ (@x— eu) oy (A+ B +) oy (&) 0, (B) oy (y) 

— (€. — ey) (@.—&) (@,-@)a(a+B+y)o (2) o(8)o(y)=0. 
This shows that the preceding plane passes through the point 
pat Bt) y_a(atB+y) ,_as(a+ 8+) 

a,(8) o.(0) o3(6) 
,—- 7(t+B+y) 
ey 
Since the function o;(w) is an even function, it follows that the 
plane passes through the four points in the above table for which 
v = 6; similarly it must pass through the other twelve points. 
The fact that these sixteen points are coplanar may also be 
seen as follows*: denote the points by the notation a, where the 
first suffix relates to the row and the second to the column: on 
comparing with the arguments of the four points on a line of 
the cubic complex, it follows that the four points ay, Giz, Ais, Ais 


* See Humbert, loc. cit. 
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are on such a line and also the points a,;, @;, ds, G43; and four 
lines are given by the following groups of four points, viz. 


M4, Aes, Ase, A, 
A135 og, A315 yes 
Qyo, Ua, Ags, Asgy 
Gy, Ae, Asg, Ads. 


Also the four points a, Gz, Gn, A. are coplanar, since they 
have the same argument for v and the sum of the arguments for u 
18 zero*. 

Tt follows that the sixteen points are coplanar. They lie upon 
three sets of four lines of the cubic complex. Varying a we obtain 
an infinite number of such sets of sixteen points on any given 
plane. 

The three systems of four lines touch a curve of the third class, ’ 
to each of its tangents there corresponds an elliptic argument of 
periods 0, 0’ say. Let the three sets of four lines have arguments 
a;, b; and ¢; respectively, then expressing that through each point. 
a, there pass three lines, one of each set, we have 


a, + 6, +¢,= 0, 
a, +b. + c= 0, 
a, + 6,+c, = 0, 
a+b,+¢=0, 


* Consider the determinant 


oy(Uy) Fg (¥) = Fg (4) 











o(uy)? (wy)? a (uy) ” 

gy (Ua) 

g (ua) ” . : 
oy (U4) 

o (u4) ’ 4 


regarded as function of uw, it is doubly periodic with periods 4w,, 4w9, and has 
four poles in a parallelogram of periods which are congruent to 


0, 201, 20g, 201+ 2w9; 
hence it has four zeros congruent to 
Ug, Us, Ug, — (Ugt+Usg+Uy). 
Hence, expressed in terms of o-functions, the determinant has a factor 
o (uy +%g+uz+u,). Therefore, if 2u;=0, four points for which the v is the same 


are coplanar. 


J. Q. 8, 3 
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t+b+¢e=0, a,t+b+e=0, atb,+¢=0, 
Ag+ b,+0,=0, astb+co,=0, a+b,+c6,=9, 
t+b,+¢,=0, astb;+ce,=0, a,+b,+c,= 90, 
Az+tbh+e,=0, ast+h+e,=0, agtd+a=)9, 
whence we deduce that 
2d, = 2a,= 2a,= 2a,, A+,= 4,44, 
2b, = 2b, = 2b,= 2b,, 06,+0,= 6.4 bs, 
2¢, = 2c, = 2c,= 2,, CG. +6,= Co + Cy. 


The solution of these equations is seen to be 


QD Y’ QD, YO 
a=-a, eet gy ee de — & hee 
Q coy QO @& 
b,=— 6), y=—o¢s. Pai St cos 0, = '— 05 oF ae 
C= OT Se» oi mets. G=— ¢y 


with the condition a+ 6+c=0. 

Now the arguments of the lines a; are seen to be those of the 
four tangents at the points in which the tangent of argument 2a 
meets the curve*; similarly for the lines b;, c;, hence we have the 
result that if Cis the curve of the third class which is touched by 
the twelve lines a;, b;, c;, the three sets of four points of contact 
with C of the lines a;, b; and c; lie on three tangents to C which are 
concurrent. 

Hence we derive a desmic configuration as follows. From any 
point P of the plane draw three tangents to a given curve C of the 
third class; each tangent meets C in four points in addition to its 
points of contact; the tangents at these points give rise to a desmic 
configuration of sixteen points @; conversely if C and one of the 
points @ are given, the point P is uniquely determined. 

If P describes a straight line the points Q describe a curve K 
of order »; and since two different poimts P cannot give rise 
to the same point Q, two curves K can only have in common the 
sixteen points @ arising from the point of intersection of the two 
lines which give rise to these curves; hence w?=16, 1e. K is of 
the fourth order. 


* Clebsch, Vorlesungen tiber Geometrie, p. 607. 
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Conversely, every quartic curve through the sixteen points of 
a configuration can be generated in this manner. For if P be the 
point of the plane which corresponds to the given sixteen points, 
then one line through P can be chosen such that the quartic curve 
deduced from the line by this method meets the given quartic 
curve in any assigned point of the latter; the two quartics hence 
intersect in seventeen points and are therefore identical. 


19. Sections by tangent planes. 


We now consider the form of the section of the surface by 
a plane which touches the surface at any point P. 

From P six tangents can be drawn to touch the curve of 
section; it has been seen that the points of contact of three of 
these tangents are collinear, viz. the tangents to the three quadri- 
quartics through P. 

Hence the curve must have an equation of the form 


2xy + aBy (ax + by + cz) =0, 


where the inflexional tangents at P and the line joining the 
points of contact of the above three tangents form the triangle 
of reference. If (xyz) is a point near P, we may (Art. 17) take 


a= du—71V3 dv, y=Su+2V3 dv, 
and, since the directions of a, 8, y are respectively given by 
dsv=0, du—dv=0, 6u+ dv=0, 
it follows that 
aBy = (a@—y)(a— wy) (e@—o*y), oF =1. 
Hence the equation of the curve of section by a tangent 


plane is 
| any + (0 — y*) (ax + by + cz) = 0*. 


20. If p, g, r are three lines of a cubic surface, forming a 
triangle, any three planes through p, q, r respectively meet the 
surface also in conies which lie on a quadric. Cremona has shown 
that the locus of the vertices of such of these quadrics as degenerate 
into cones is a desmic surface. This will now be proved. | 


* The points of contact of the other three tangents from P to the curve are 


seen to lie on the line ax+ by +52=0. 


3—2 


36 DESMIC SURFACES (CH. II 


For let the cubic surface be 
St + xyz =0, 
then, if a=ax-at, y=y—-Bt, z2=2-y, 
the equation of the surface may be written 
t{f+ay2z+ Bea + yxy — aB2t — ayyt — Byat + aByt?} + a’y'z = 0. 
Denoting by F the coefficient of ¢, F=0 is the quadric which 


contains the three conics; if F is a cone the coordinates of its 
vertex are given by the equations 


ta + Bz + yy — Byt = 0 
Sy t+ a2 + ya — ayt = 0, 
f. + Ba + ay — aft = 0, 
fi — “Bz — ayy — Byx + 2aByt = 0. 
Eliminating a, 8, y, we obtain as the required locus 


2a f?— yfyf — 2fcfu— tYfafy— fofyfer ryaft = 0. 

If S=ft+ xyz, we have the identity S?—S,S8,8,=>.@. 

This shows that > has as nodes the points of contact of tangent 
planes to S drawn through the lines 2=t=0, y=t=0, z=t=0; 
provided that such points of contact do not he on ¢=0. Now 
there are twelve such points of contact, since through any line 
of S five such tangent planes can be drawn. We have to show 
that these twelve points of contact form a desmic system. This is 
seen as follows: it is known that the equation of any cubic surface 
may be written in the form 


abt + xyz = 0 


in 120 ways; if n be the number of cases in which any particular 
tritangent plane ¢ appears, we have, since the number of tritangent 
planes is forty-five, 


nx 45=120x6, hence n=16. 


Hence we may write the equation of the cubic surface in the 

form 
abt + (a — at) (y — Bt) (z — yt) =0 

in sixteen ways; the point of contact of the tangent plane a — at 
lies on the line (a, b); and so for the planes y— ft, z—yt. We 
therefore have twelve points arranged in three groups of four 
points such that there are sixteen lines each containing one point 
of each group. 
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.S 


Hence the tetrahedra formed by the points of any two groups 
have four centres of perspective, viz. the points of the third group; 
the twelve points therefore form a desmic system (Art. 18). 


21. The sixteen conics of the surface™*. 


Along any one of the sixteen lines of the surface three of the 
coordinates have the same absolute value. Take e.g. the line 
y=z=t; it is easy to see that along this line the tangent plane 
to the surface is Ay + z+ vt=0; the line is therefore torsal+ and 
the tangent plane meets the surface also in a conic. The surface 
therefore contains sixteen conics. If the sixteen lines are given, 
and also the tangent plane along one of them, the surface is 
determined. 

If p is any one of the sixteen lines and 7 a plane through it, 
three nodes of the surface lie on p and through each node there 
pass three of the sixteen lines other than p; thus six of the six- 
teen lines do not meet p; if y=z=¢# is the line yp, these six lines 
lie on the quadric | 
e+yz+yt+2t=0; 
this quadric is the locus of the conic corresponding to p for 
different surfaces of the pencil. 

The two conics corresponding to two of the sixteen lines which 
pass through the same node meet in two points, for the line of 
intersection of their planes passes through the node and meets 
the surface in two other points lying on these conics. It follows 
that the four conics which correspond to four lines which intersect 
each other lie on a quadric; since these lines may intersect in the 
same node or lie in the same plane, there are twenty-four quadrics 
each of which meets the surface in four conics. 

* Bioche, Sur les surfaces desmiques du quatriéme ordre, Bull. Sec. math. de 
Yrance (1909). 


+ A line at each point of which the tangent plane is the same is said to be 
torsal. 
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CHAPTER III 
QUARTIC SURFACES WITH A DOUBLE CONIC 


22. In Chapter I we investigated the quartic surfaces which 
possess a certain number of isolated singular points; we now 
consider quartic surfaces which have a double conic. 

Any quartic surface with a nodal conic is represented by an 
equation of the form * 

i= duty, 


where ¢=0, ~=0 are quadrics and w=0 is the plane of the 
double conic. This surface is a variety of syzygetic surface, but 
the four points given by 6=y=w=0 are here close-points on 
the double conic. At each of them the two tangent planes of 
the surface coincide with the tangent plane of ¢ = 0. 
This equation may be written 

(pb + Aw?) — wi (ap + 2h + dew) = 0, 
where 2 is arbitrary. 

The system of quadrics y+ 2rd + A*w? includes five cones; 
every tangent plane of each cone meets the quartic surface in a pair 
of conies: for each generator of such a cone is bitangent to the 
quartic surface, and hence any one of its tangent planes meets 
the surface in a quartic curve having four nodes, viz. two on the 
generator of the quadric cone and two where this tangent plane 
meets the double conic; this quartic curve, therefore, breaks up 
into two conics, two of whose intersections are collinear with the 
vertex of the cone. 

This may also be seen analytically: for if B?- AC=0 is the 
equation of one of these cones V,, the equation of the surface is 


U2+w* (AC — B’)=0, 
where U, = 6 + A,w*. 


* Kummer, Ber. Akad., 1863. 
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It is seen that the equation of the surface involves twenty-one 
independent constants. 

The surface arises as the intersection of two corresponding 
members of the pencils of quadrics 


U, —wB = pwA, U, + wB =~ 5 w0. 


Each of these quadrics passes through the double conic; the 
quadrics therefore intersect in another conic, whose plane @ is 
given by 

pPA + 2pB4+C=0, 
and this plane is tangent to V,. The surface is also generated as 
the intersection of the quadrics 


U, — wB = -w0, U,+wB =-— pwA, 


giving the other conic in the plane a. 

Hence the tangent planes of V, meet the surface in pairs 
of conics. A similar result arises in connection with each of the 
cones V,... V;. Thus the surface contains five sets of 00? pairs of 
conics. ‘The conics which lie in the tangent planes a of V, belong 
to two classes, viz. those given by 

a=0, U,=av(8 + pA), 
and those given by the equations 
a=0, U,=—w(B+ pA). 

It is clear that two points of intersection of the conics in the 
plane @ lie on the double curve; the other two points lie on the 
line a=B+pA=0, hence they lie on the generator along which 
a touches Vj. 

By considering the conics in two different tangent planes 
a, 8 of V, it is seen that the conics of the same class do not 
intersect, and that therefore two conics of different classes inter- 
sect twice in points lying on the line (a, 8). Among each class 
of conics which lie in the planes a there are four pairs of lines, 
arising from those planes a which touch 


U,—w(B+pA)=0 and U,+w(B+pA)=0 
respectively. For the condition of tangency gives a quartic for p 
in each case. Hence the surface contains sixteen lines. 


Each cone V,... Vs gives rise to eight pairs of lines, but as will be seen, 
these sets of sixteen lines are the same as the foregoing but differently 
arranged. 
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23. Expression of the coordinates in terms of two 
parameters. 


If the cone V, has as its equation B’*— A’C’ =0, we obtain as 
before two classes of conics on the surface, viz. the intersection of 
the plane a’ or 7A’ + 20.B’ + C’=0 with the quadrics 

U,=w(B'+cA’) U,=—w(B'+cA’), 
where U,=+A,w*. 

There cannot be more than one point common to a conic in 
the plane a and a conic in the plane a’, and therefore each conic in 
a meets each conic in a’ in one point. For instance, a point 
common to the conic 


a=pPA+2pB+C=0, U,=w(B+ pA), 
and to the conic 
a=07A'+2c6R4+C’=0, U,=w(B'+cA’), 
must also lie in the plane 
(1 —-A.)w=B- B+ pA—cA’, 


and since this plane 1s not in general coaxal with a and a’ there is 
only one common point. 

The coordinates of this point can thus be expressed in terms 
of two parameters p and o by aid of the last equation and the 
equations a=0, a =0. Also the ratios of p, o, and unity are those 
of three rational functions of the coordinates 2,*. 

We thus obtain equations of the form 


Kx; = F;(p*a’, p?a, po*, ...); (2 = 1, 2, 3, 4); 
the £’; being thus polynomials of the fourth degree in p and co. 
These equations in general assign to any given pair of values 


for p and o one point 2; on the quartic surface, but for such 
a pair of values of p and o as make the three planes 


a=0, &=0, (A—-A,)w=B-B+pA-cA’, 


coaxal we have a line on the quartic surface, which is the 
intersection of aand a’. The condition that these planes should 
be coaxal gives eight sets of values for (p, 7); so that if A and A’ 
be a pair of planes which meet in a line of the quartic surface, 
then p=0, a=00 gives a line on the surface, and hence in each 


* For another proof that a quartic surface with a double conic is rational, see 
Baker, Proc. Lond. Math. Soc. 1912, p. 36. 
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of the equations xa;=F;, the coefficient of po? must be zero*, 
thus giving four equations 


KX= F; (p, a) 


in which the F; are cubic functions of p and oc. 
Making these expressions homogeneous, we obtain 


KX; =fi(&, Es, E;), (a =I, 2,3, 4), 
wherein the f; are of the third degree in the &;, which we may 
regard as the coordinates of the points of a plane. Since any line 
meets the quartic surface in four points it follows that the curves 
of the set 2a;f;=0 can have only four variable points of inter- 
section, and hence must have five points in common. 

We therefore obtain a (1, 1) correspondence between the points x 
of the surface and the points & of the plane, in which plane sections 
of the surface correspond to, or have as their wmages, plane cubic 
curves with five common pointst. 

The surface belongs, therefore, to the class of rational surfaces. 


24. Mapping of the surface on a plane. 


Conversely, starting with the quartic surface which is deter- 
mined by the equations 


px; =f; (&, Ee, Es), 


where the curves f; have five points in common, we can show 
that it possesses a double conic; for these equations establish a 
correspondence of such a character that to a plane section there 
corresponds a plane cubic curve, and since the deficiency of the 
plane cubic is unity, so also is that of the plane section; the 
surface, therefore, possesses a double curve of the second order, 
which must be a conic, since, if it were a pair of non-intersecting 
straight lines, the surface would be ruledf. 

To each of the five common points of the cubic curves, the 
base-points of the representation, there corresponds a line on the 
surface; to the points of such a line correspond the points 
indefinitely near to its corresponding base-point; hence these 
five lines cannot intersect. 

* Otherwise p=@,¢=@ would give a point of the surface. 

+ This correspondence is taken by Clebsch as the starting point of his investi- 
gation of the surface, see Crelle’s Journal, 1868. 

+ For in this case the line drawn through any point P of the surface to meet 


these two lines would meet the surface in five points and therefore lie wholly on 
the surface. 
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If a curve in the plane passes through the five base-points 
respectively a,... a, times, its image on the surface meets the five 
lines a... 4; times respectively. Let n be the order of any plane 
curve and WN the order of its image on the surface, then since the 
image of any plane section of the surface is a cubic through the 
base-points, and since to each point of intersection of the plane 
curves (not a base-point) there corresponds a point of intersection 
of their images, we obtain the equation 


N = 38n — Xa. 
This equation enables us to determine the curves of different 


orders which can exist on the surface. 
If the curve considered on the surface is a line, V = 1, hence 


1 = 3n— Xa, 
but each a is either unity or zero, so that the following cases are 
possible : 
hel, Saez: fim2, Baas. 
In the first case the image of a line on the surface is a line 
joining two base-points; this gives ten lines on the surface. In 
the second case the image is the conic through the base-points. 

There are, therefore, sixteen and only sixteen lines on the 
surface. 

Each of the sixteen lines is seen to intersect five others, 
viz. those with which it is paired in the five cones respectively. 
These five lines do not intersect, as is seen by taking as the image 
of the first line the conic through the five base-points. It is easy 
to see, from consideration of the images of the sixteen lines, that 
they form forty pairs of intersecting lines and forty pairs of 
twisted quadrilaterals. 


25. Conics on the surface. 


If in the previous equation we have N = 2, we obtain a conic 
on the surface. Now since none of the a; can be greater than 2, 
n= 4 would give a plane quartic with five nodes, so that this case 
must be rejected. Similarly n=3, giving Xa=7, requires that 
at least two of the a; should be greater than unity, giving a 
plane cubic with two nodes; hence the only cases which can 
arise are: 


(i) n= 2, one a; equal to zero, the remainder equal to unity ; 
(ii) n=1, one a; equal to unity, the remainder equal to zero. 
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Hence the image of a conic on the surface is either a conic 
through four base-points or a line through one base-point. 

This gives the ten varieties of conics on the surface previously 
considered. ‘The two conics in a tangent plane of a cone V cor- 
respond to a conic through four base-points and a line through the 
remaining base-point. 

The circumstances of intersection of these various conics are 
easily deducible from this mode of representation. 


The double curve. 


The double conic is the only plane section of the surface whose 
points are not uniquely represented on the plane; its image 1s 
a cubic of the family 2a;f;=0. The line p whose image is the 
conic c through the base-points meets the double curve ina point 
@ which has two images, one P” on c? and the other P not on c* 
Every plane section through p meets the surface in a residual 
cubic through Q; the image of this cubic is a line through P, 
which forms with c? the image of p and the residual cubic. Hence 
to the cubic in plane sections through p there corresponds the 
pencil of lines through P. 


26. Cubic curves on the surface. 


Any plane through one of the sixteen lines meets the surface 
also in a plane cubic whose image is seen to be either a line 
through P, or a conic through three base-points, or a cubic 
through four base-points. 

To find the twisted cubics on the surface we again use the 
equation 

N =3n— a; 
since none of the sixteen lines can meet such a cubic in more 
than two points none of the a; can be greater than two; hence, if 
N =3, n is at most equal to four, which would require that four 
of the a; should be equal to two, thus giving a plane quartic with 
four nodes. Hence the only cases are: 


(i) n=8, one a; equal to two, the remaining a; equal to unity ; 
(ii) n= 2, three a; equal to unity, the remaining a; equal to zero; 
Gul) n=1, each a; zero. 


This gives sixteen sets of oo? twisted cubics on the surface ; 
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viz. five in the first system, ten in the second and one in the 
third, each set consisting of 0? cubics. 

Two cubics of the same system meet once, cubics of the first 
and third systems meet three times, cubics of the second and third 
systems meet twice. 


27. Quintic and sextic curves on the surface. 


By consideration of the equation N=3n— ‘a we obtain the 
curves of various orders on the surface. A quadrc through 
a twisted cubic of the first system meets the surface also in a 
quintic curve whose image (a curve n=3, ta=1+1+1+1) has 
deficiency unity; there are o* such systems of quintics; we 
denote them by A. The cubics of the second and third systems 
similarly give rise to systems .of quintics, B and C respectively ; 
their images 


(n=4, Sa=2+2+1+4+141) and (n=5, Sa=2+2424242) 


are of deficiency unity. 

There are also three types of oo quintics, A’, B’ and C’*, 
such that there is one cubic surface which contains a member 
of A’, a conic of the surface and also a member of A; so also 
for the systems B’ and CO’. A system D of * quintics exists 
such that one cubic surface can be determined to contain a 
quintic of this system and also two non-intersecting lines of the 
surface. 

One cubic surface exists which contains any sextic curve on the 
quartic surface ; it will meet the surface in another sextic. We 
obtain three varieties of sextics}, viz. : 


0° sextics lying in pairs on the cubic surface whose images 
have deficiency zero, 


2° sextics lying in pairs on the cubic surface whose images 
have deficiency unity, 


07 sextics lying in pairs on the cubic surface whose images 
have deficiency two. 


* Their images are respectively given by 
n=4, Sa=38+14+1+1+1; n=3, Za=2+14+1; n=2, Sal. 
+ Their images are 


m=2, Sa=0; n=3, Za=14+14+1; n=4, Za=24+14+14+141, 
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28. Quartic curves on the surface. 


Assuming the existence of a twisted quartic curve on the 
surface, an infinite number of quadrics will pass through it if it 
is of the first species and one quadric if it 1s of the second species ; 
thus at least one other twisted quartic exists on the surface. 
Each quartic on the surface gives rise to an image and since the 
order of the image of the complete curve of intersection of the 
surface and any quadric is six*, the sum of the orders of the images 
of the two quartics is also six; therefore the image of a twisted 
quartic is of the order 2, 3 or 4. 

Since no @; can be greater than two, the equation 4 = 3n — Xa 
allows of the following solutions : 


(1) n=2, two a; equal to unity, the rest equal to zero ; 
(2) n=4, three a; equal to two, two a; equal to unity ; 


(3) n=8, three a; equal to unity, one a; equal to two, one 4; 

equal to zero; 

(4) n=3, each a; equal to unity. 

This gives rise to forty-one sets of twisted quartics; viz. from 
(1) and (2) arise ten sets, (3) gives twenty, (4) gives 1. The 
quartics in (1) and (2) lie in pairs on a quadric, those in (8) lie 
in pairs on a quadric. The quartics (4) arise as the intersections 
with the surface of the quadrics through the double conie. 

Each class consists of oo% members except class (4) which 
contains 4, 

In each of the first three classes the corresponding quartics 
are of the second species; for through three points of intersection 


4 
(not base-points) of any two curves of the system >h,f/;=0 one 
1 


curve of each of the first three systems can be drawn; hence the 
corresponding quartic curves possess a trisecant and therefore 
belong to the second species. But any cubic of the fourth class 
which passes through three points of intersection of two curves 


4 

of the system 2~k,;f;=0 must itself belong to this system and 
1 

therefore correspond to a plane curve; hence the fourth class does 

not possess trisecants. 


From consideration of the curves whose images belong to either of the 
cases (1), (2), or (3) it is clear that two curves belonging to the same set 


* Since if n and n’ are the orders of the two images, 8=3 (n +n’) — 10. 
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intersect in two points, two curves on the same quadric in six points. Two 
quadri-quartics on the same quadric intersect in eight points, but since their 
images intersect in only four points, it is clear that they meet on the double 
curve, but on different sheets of the surface, four times. 


29. Class of the surface. 


The class of the surface is twelve: for if a plane through a 
given line touches the surface its curve of intersection with the 
surface has a node at the point of contact ; hence the corresponding 
cubic curve has a node, therefore the number of tangent planes of 
the surface through a given line is equal to the number of nodal 
cubics of the family 

Dif; = 0 
subject to the two conditions >A;a;= 0, >A;b; = 0; that is to th 
number of nodal cubies of the pencil S + pS’ =0, where S=0, S’=0 
are two members of the family. Now if S+pS’=0 has a node its 
discriminant vanishes, and this discriminant is of degree twelve in 
p; hence the required class of the surface 1s twelve. 


30. The sixteen lines of the surface. 


It will now be shown that the relationship between the sixteen 
lines of the surface, as regards mutual intersection, is identical with 
that which exists between sixteen lines selected in a certain manner * 
of the general cubic surface. 

For the equation of the general cubic being 


i bs at 
a” ‘id ‘ote 


where a, b,... are linear in the variables, is equivalent to the 


following : 
Fa +&b +&c =0, 


Ea’ + &b' + &c’ =0, 
Ea” + &,b" + Ec” = 0. 
The last equations lead, on solving for 2, ... 2, to the equations 
p=: (E,, &, &s), p%=fol(Er, &, &), 
p%s = fs (E1, &, &s), pag =fi.(81, &, &); 


* See Geiser, Veber die Flichen vierten Grades welche eine Doppelcurve zweiten 
Grades haben, Crelle, uxx. 
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in which the /f; are of the third degree, and the curves f; = 0 have 
six points in common (this follows from the fact that any line 
meets the cubic surface in three points, and therefore any two 
members of the family >k,f;=0 have three variable points of 
intersection). 

We thus establish a (1, 1) correspondence between the points 
of the cubic surface and those of the plane, and since such a 
correspondence is already established between the plane and the 
quartic surface the points of the cubic and quartic surfaces are 
themselves so connected. 

In the transformation expressed by the last equations there 
are thus six base-points P,... P,, the first five of which we may 
suppose to be base-points in the transformation connected with 
the quartic surface: denoting the surfaces by C; and C, respectively, 
to the points P, ... P; there correspond in the two surfaces the lines 
T,... 7; and p, ... Ps respectively ; since the equation NV = 3n — da 
holds also for the cubic surface we deduce as in the case of C, that 
to the joins of P,....P; there respectively correspond the lines 
Ayw--- Ags IN CZ, and by...45 mm C,; finally to the conic through 
P,... Ps there correspond the lines A, and J,. 

Hence the sixteen lines on the two surfaces are connected as 
follows: to 

Pi --~ Dis big... byg;s Lg 
there correspond 
My... Ts, ee. Nags ig: 


Thus the relationship of the sixteen lines on C, as regards 
intersection is the same as that of the corresponding lines on C,, 
being deduced in both cases from the relationship of the base- 
points and lines in the plane. 

Now the sixteen lines of C; are obtained by omitting from tts 
twenty-seven lines, 7, and the ten lines which meet a., hence the 
sixteen lines of the quartic surface are obtained by omitting from 
the twenty-seven lines of a general cubic surface any one of these 
lines and the ten lines which «intersect it. 


31. Determination of the surface by aid of two quadrics 
and a given point. 


The surface may be obtained by aid of any two given quadrics 
and a given point, a;. For let P, P’ be two points 2;, x;’ collinear 
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with a; and conjugate for a given quadric H, let K be the fourth 

harmonic point for a;, P, P’; then if K is the point y; we have 
= O4+TY:, My = OO; — TY;; 


a oe Beecs 


tei = ay ti — His where AH = made 
These equations lead to 
py; = “4, AH —4;H, (2 = 1,2; Bed: 


If now K describes the quadric Q, = 0, we have 
Q, (AH) — H,AHAQ + H,?Q.= 0, 
which may be written in the form 
(2H Q. — AHAQ)' = (AH) {(AQ)* — 42a}. 
This represents a general quartic surface with a double conic 
whose plane is the polar plane of a; for H; one of the cones of 


Kummer is the tangent cone to Q whose vertex is a. 
Writing this equation, as before, in the form 
\2HQ,. — AHAQ—dA(4H)}? 
= (AH) {(AQ)'— 4Q,Qa— 2d (2H Qa — AHAQ) + 0*(AHY, 
then if XH + Q = W, we obtain finally an equation of the form 
U?=(AH) {AW} — 4Q, W}. 

If W is one of the four cones through the intersection of H 
and Q, the last factor is a quadric touching W along two lines, 
i.e, it is a cone with the same vertex: hence, the vertices of the four 
remaining cones of Kummer are those of the tetrahedron self-polar 
for Q and H*. 

The following result may be deduced: the fe lines joining any 
point P on the double conic to the vertices of the cones of Kummer 
and the tangent to the double conic at P, lie on a quadric cone. 

If Q and ZH touch, the point of contact is a node of the quartic 
surface, for the equation of the latter being 

AH (QAH — HAQ) + H?Q, = 0, 
if Q and H touch, their point of contact is a node of the cubic 
surface QAH — HAQ=0, and hence a node on the quartic 
surface ft. 


* Bobek, Ueber Flichen vierter Ord. mit einem Doppelkegelschnitte, Sitzb. d. K. 


Akad. Wien, 1884. 
+ It is easy to see that this cubic surface is the locus of points P, P’ which are 


collinear with a, and conjugate for both Q and H. 
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From the foregoing method it is seen that both P and P’ lie 
on the quartic surface. 

When & describes a line p of one regulus belonging to Q, then 
P and Pf’ lie on a conic for which p is the polar line of a;; when 
kK describes the line p’ lying in the plane (p, a) and belonging to 
the other regulus of Q, the points P, P’ describe another conic in 
this plane. We thus obtain the two sets of conics lying in the 
various tangent planes to @ which pass through a;. These planes 
envelop the tangent cone to Q whose vertex is a;. 

Coincidence of the points P, P’ occurs at the points in which 
p meets the conic; both these points lie on Q and on H. If p 
touches H it will follow that the intersections of the conic and its 
polar line for a come into coincidence; hence the conic must in 
this cause become a pair of lines. Since four of the lines of any 
regulus touch any quadric, we obtain the sixteen lines of the 
surface. . 

Three pairs of lines belonging to one of the two classes asso- 
ciated with a cone of Kummer determine the surface; for every 
conic of the other class meets each of the six lines (Art. 25), hence 
the oo} planes through the intersection of the planes of the three 
pairs of lines such that each plane meets the lines in six points on 
a conic will envelop the corresponding cone of Kummer, and the 
surface is determined. 

Assuming the six lines to have general positions, the number 
of constants involved is twenty-one* (Art. 22). 


The quadric Q meets the surface in two quadri-quartic curves, one of 
them Q=H=0 is the curve of contact of the residual tangent cone drawn to 
the surface from the vertex of the cone of Kummer. 


32. Perspective relation with a general cubic surface. 


It has been seen (Art. 23) that a (1, 1) correspondence can be 
established between a quartic surface with a nodal conic and a 
plane. 

Two methods} have been given of establishing a (1, 1) per- 
spective correspondence between the points of a general cubic 
surface and the quartic surface. Two points a, 2’ are collinear 


* Weiler, Ueber Flichen vierter Ord. mit Doppel- und mit Cuspidal-Kegelschnitten, 
Schlémilch Zeitsch. xxx. 
+ Geiser, l.c.; Cremona. 


J. Q. S. 4 
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with A,* and conjugate for the quadric S 2 =(0 if the coordinates 
are connected by the equations 
pr = Ls, prt, = Tq Bs, pts = Ds He, 
p%, = — (H,? + a? + 2g”). 
Taking any cubic surface through the curve 
t= 22% +27+ 72 =0 
which does not pass through A,, and whose equation is therefore 
of the form 
2,0 + (a2+a2+27)L=0, 
where U = 0 is any quadricand Z =0 any plane; on transformation 
x? + x2 + x? becomes w,? (x? + x2 + 2,7), L = 0 becomes a quadric 
through the conic 
Ly = 2,2 + 2/2 + x,'2 = 0, 
and U=0 becomes a quartic surface having this conic as double 
curve; omitting the factor 2/?+ #,*+ 4, we therefore obtain a 
quartic surface with the double conic 
Xe = 2? + 22? + 7,2 = 0. 

The second transformation is the following: the points a, «’ are 

connected by the equations 

be, : Bt hg: = OS, @ ) = Sa’) (27): 8. (x), 
where the quadrics S;(x’)=0 all pass through a given conic and 
touch each other at a given point on this conic. 

By linear combination it is seen that this is equivalent to the 
transformation 

2, “il, Ue): Mea”: Di ae > 9, wy Ego? ; 
from which we deduce that 
Ly thy 2 Ue 20 By: He Why 2 Ta, + 8. 

In this case the centre of projection, the point A,, lies on the 
conic. This transformation is of the (1, 1) character, the exceptions 
being that to the point A, for x there corresponds the plane a’, to 
the point A, for 2 there corresponds the plane x, and to any 
point on #,, which is not also on the conic a, = #,a,+ 2,7 = 0, there 
corresponds the same point A, in the field of 2’. 

To the planes in the field of # there correspond quadrics which 
pass through the fixed conic in the field of 2’, but to a plane 


* Here, and elsewhere, the vertices of the tetrahedron of reference will be 
denoted by 4,... Aq. 
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through A, in one field there corresponds the same plane in the 
other field. 

Having given a general cubic surface f in the field of « which 
contains the conic a, = #,2,+2,2=0, it is seen as before that f is 
projected into a general quartic surface / with the nodal conic 

Xv, = 20, — £37 = 0. 

The section of f by x, consists of the given conic together with 
a line a to which the point A, corresponds in the field of 2’. Let 
the ten lines of f which meet a be denoted by 


Ores Gs), “COsnc,), (is, cr), (Og, On) 

Consider the plane through b, and ¢,; it corresponds to a 
quadric through the double conic in the field of # which therefore 
meets /" in a twisted quartic which accordingly must consist of two 
conics, each passing through A,. 

Hence to the sections of f by the planes (Ay, },), (A,, a) 
correspond four conics through A,; hence we have twenty conics 
through A,. But if d is a line of f which meets the conic 

Wy = 0,0, + 2 = 0, 
then to the section of f by the plane (.A,, d) there corresponds the 
section of # by the same plane which therefore meets J’ in a line 
and a cubic, since all the sections through A, consisting of two 
conics are given by the twenty preceding conics. 

Since there are sixteen lines such as d, it follows that the 
sixteen lines of the quartic surface are thus projectively derived 
from the sixteen lines of f. 

The ten sets of conics on F are the images of the conics of f in 
the ten pencils of planes whose axes are the lines 0, ... ¢s. 


33. Projective formation of the surface. 

Bobek* has developed a method of treatment of the surface depending 
upon its formation from two pencils of quadrics projectively related. If 
Aab+ad+U=0, pactae—U=0, 
represent two pencils of quadrics each passing through a fixed conic (a, U) 


and through two other fixed conics respectively, then any two members of 
these pencils intersect in another conic whose plane is 


Ab+po+d+e=0; 
this plane passes through the fixed point b=c=d+e=0. 


If the pencils are connected by a given lineo-linear relation between A and p, 
it is clear that the locus of intersection of corresponding members of the two 


* Loc. cit. 


4—2 
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pencils is a quartic surface with (a, U) as double conic. Moreover the above 
planes will in this case touch a cone whose vertex is the aforesaid fixed point, 
and the conics in these planes will form the conics on the quartic surface. 
Taking the equation of the quartic surface in the form 
a? (be+d?) = U?, 
the foregoing two pencils are 
hab=U-ad, pac=U+ad, 

with the relation Au=1. 

Any line through the point b=c=d=0, the vertex of the cone of Kummer 
selected, meets the first pencil of quadrics in pairs of points in involution ; if 
UV=aK-+V, the double points of this involution are obtained from the 


equation 
V=a, 


which is also the locus of double points of the involution determined on lines 
through the vertex by quadrics of the second pencil. It is the surface H 
previously given. 

The surface Q appears as the locus of the line of intersection of the polar 
planes of a pair of corresponding quadrics for the vertex of the given cone. 


34. Connection of properties of the surface with those 
‘of plane quartics. 


Zeuthen* has investigated the plane quartic which is the 
section of the tangent cone to the surface from any point of the 
double conic, and showed its relationship to the surface. 

Taking the equation of the surface as being U?+z2?>W=0 we 
may assume any point P on the double conic as that through 
which the coordinate planes 2, y, z pass, and take the polar plane 
of P for W as the fourth coordinate plane ¢=0; let the tangent 
plane to U at P be the plane y = 0. 

The equation of the surface then becomes 


a(y + yt)? + bz? (6+ #)=0. 
Writing this in the form 
t? (62? + ay”) + 2tavry + ay + bz? =0, 
the tangent cone from P to the surface has as its equation 
d (ay? + b2*) + ary? = 0. 
This is a general quartic cone, having the planes ay* + bz*=0, 
the tangent planes to the surface at P, as bitangent planes. 


Hence any plane quartic may be regarded as the “ projection” 
of a nodal quartic surface from any point on the double conic. 


* Sulle superficie di quarto ordine con conica doppia, Ann. di Mat. 1. xIv. (1887). 


33, 34] QUARTIC SURFACES WITH A DOUBLE CONIC 53 


Now having given any pair of bitangents ay’?+bz2?=0 of a 
quartic curve, the equation of the curve may be written in the 
form 

(ay? + bz’) aB = V? 
in five ways*, giving a group of six bitangents, and in consequence 
the equation of the surface may be written in the form _ 
a(y t+ yt)? + bz? (a8 + #)=0, 

giving five pairs of planes a, 8 through P which meet the surface 
in a pair of conics. They are the tangent planes from P to the 
five cones of Kummer, and bitangent planes of the tangent cone 
of vertex P. 

There remain sixteen of the twenty-eight bitangents of the 
quartic curve, giving rise to sixteen bitangent planes of the cone; 
each plane meets the surface in a quartic curve having four double 
points (of which one is at P, and another is the second intersection 
of the plane with the nodal conic). This curve will consist of 
a line and a cubic curve having a node at P; thus the existence 
of the sixteen lines of the surface becomes manifest. 

If again three coordinate planes be taken as passing through 
the vertex of one of the cones of Kummer, the plane « being that 
which does not pass through the preceding point P, the equation 
of the surface may be taken to be 

(> + cL) = 27 (yt + x). 
The equation of the preceding tangent cone of vertex P is then 


Oe coal) ee (1). 
Now the cone 
py (L + 2) — 2pd—t(L — z)=0.... eee (2) 
touches the cone (1) along four lines, and the plane 
| py + 2px—t=0 


meets the cone (2) in a conic which is seen, by elimination of p, 
to lie on the quartic surface. 

Regarding the equations (1) and (2) as representing curves, it 
is seen that the four-point-contact conics (2) are the projections 
from P of a system of conies of the surface. 

The other system connected with this cone of Kummer gives rise to the 
four-point-contact conics 

p*y (L—z)—-2ph—t (L+2)=0. 

Theorems relating to the four-point-contact conics of a quartic 

curve are thus connected with theorems concerning this quartic 


* See Salmon, Higher Plane Curves. 


54 QUARTIC SURFACES WITH A DOUBLE CONIC _ [CH. III 


surface ; e.g. take the theorem: the eight points of contact with the 
quartic of any two conics of such a system lie on one conic*. 

We obtain the theorem for the quartic surface: the two 
pars of principal tangents at a point P of the double come and 
the points of contact with the surface of the two planes through P 
which touch the same cone of Kummer, lie on a quadric conet. 

Again in Art. 31 it was seen that the intersection of the 
tangent planes at P to the surface and the vertices of the five 
cones of Kummer lie on a quadric cone whose vertex 1s P; hence 
we derive the result for quartic curves that the sia intersections 
of pairs of bitangents of a group lie on a conte. 

It has been seen that the group of six pairs of bitangents 
determined by the tangent planes to the surface at P gives four- 
point-contact conics which are the projections from P of the conics 
of the surface. It will now be shown that the other four-point- 
contact conics are projections of cubics on the surface. 

Refer the surface to coordinate planes consisting of the plane of 
the double conic and three tangent planes of a cone of Kummer of 
which one, 2, contains two lines of the quartic surface; the equation 
of the surface is then of the form 

{AB+z2(y—t)+ aL = 2 {a + y? + f— Qay — 2xt — 2yt}. 
The equation of the quartic tangent cone whose vertex is P is then 
fy(e¢+L)+t(2-L)+ ABP =4ABt (2 — LD); 
of which a four-line-contact cone 1s 
pAtt+p{y(2+L)+t(z-L)+ AB} + B(z-—L)=0. 
This meets the cubic surface 
2Aztp =(L—z) {a(L+z2)+ AB} 
in the line L+z2=0, pt+B=0, 
which passes through P, and also in a quintic curve having a triple 
point at P and which lies on the quartic surface. 

Hence the preceding quadric cone also meets the quartic 

surface in a cubic curve passing through P. 
* For the quartic (z? — L?) ~=¢? may be written 
(2? — L?) (My + 2+ 2? — L*) = (Ap +2? — L*)?, 
The points of contact are given as the intersections of the conics 
NYy+2Ap+22-L2=0, Ap+22?-L2=0; 
moreover the conic Auy + (A+) ¢+27- L?=0 passes through them ‘and also through 
the four points similarly obtained on replacing \ by pz. 


+ The principal tangents being z?7-L?=¢=0, and taking yawyt and \=o, 
A=0 successively. 
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35. Segre’s method of projection in four-dimensional 
space. 

Segre has shown* that if F=0, P=0 are two quadratic 
manifolds or varietves in flat space of four dimensions S,, the 
projection upon any hyperplane S, of their intersection I’, is a 
quartic surface with a double conic. For if A, or a’, be any point 
of S, the substitution of «+x; for x; in F=0 gives the two 
intersections of the line (a, 2’) with F. The elimination of p 
between the equations 

Fy + pDF + pF, = 0, 
PD, + pD® + pd, = 0, 
gives the “cone” joining A to the points of I. The intersec- 


5 
tion of this cone with the hyperplane S; or % a,a;=0, gives a 
1 


surface in S; represented by the equation 
5 
(FO — F’b)Y —- (PDF — FD®)(F’D® — ®' DF) = > a2; = 0. 
1 


Taking F to be f, that member of the pencil (F, ®) which passes 
through A, since f(z’)=0, we may write as the equation of the 
projected surface 


774’ — Df (fDb— $Df)= 3 %25=03 
that 1s 


fs — Df. Dp)’ — (Df) (D$)*— 464} = ¥ ase = OF. 


This is a quartic surface with the nodal conic 
5 
Df = f= X aa; = 0. 
1 


It is seen that the double conic is obtained as the intersection 
of f and Df, since the only cases in which the line joining A to 
any point meets I’ in two points are when the foregoing quadratics 
in p become identical, we then have 


F,2,—-P,F,=0, PDO-PDF=0. 


These equations represent respectively the variety f through A 
and its tangent hyperplane Df. Their intersection gives a quadric 
cone in three dimensions which meets any variety of the pencil 


* Surfaces du quatriéme ordre @ conique double, Math. Ann. xxiv. For many 
details the reader is referred to this important memoir. 
+ Compare with Art, 31. 
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(F, ®), and therefore [, in a twisted quadri-quartic kh. This _ 
quartic k* is projected upon S; as a conic; any generator of 
the cone meets / in two points P, Q; the tangent planes to [ at 
P and Q are projected into the tangent planes of the quartic 
surface at a point of this conic. 

Among the generators of the cone ( f, Df) there are in general 
four which touch & (viz. at the points where the plane Df=0, 
Do=0 meets T). It follows that there are four pinch-points on 
the double conic. 

There are in general five cones in the pencil (7,®). For if 
F and © are not specially related to each other we may take 


5 5 
FH an DO = » a; %7; 
1 
the pencil therefore contains the five cones 


(Gz — Ay) L2? + (As — Gh) Hs? + (Ay — A) 12 + (As — a) 2? = 0, ete. 


If f is a cone, ie. 1f A lies on one of the cones of the pencil 
(F, ®), we have two double lines instead of a double conic. For 
the hyperplane Df meets f in two planes*, the intersection of 
these planes with I’ will consist of two conics having two common 
points lying on a line through 2’. These conics are projected from 
a’ into two intersecting double lines of the quartic surface. 

Any one of the five cones of the pencil (#’, ®) may be represented 


4 
by an equation of the form 2a;7?=0, whence by comparison 
1 


with the general three-dimensional quadric it is seen that this 
cone possesses two sets of generating planes, each generating 
plane of one set meets each generating plane of the other set in 
a line, the two planes therefore lie in the same hyperplane, while 
two generating planes of the same set intersect only at the vertex 
of the conet. 


4 
* For we may take the cone f to be 2a,27,7=0, the tangent hyperplane to this 
1 


4 
cone at a point x’ is 2Ya,7,7,,=0; interpreting these equations to represent a 
1 


quadric and its tangent plane at x’, since the plane meets the quadric in two lines, 
the hyperplane Df will meet f in two planes whose intersection contains 2’. 

+ It will be seen hereafter (see Art. 49), that the pencil (F, &) may contain, in 
certain cases, a cone of the second species, i.e. a cone whose equation contains only 
three variables, e.g. 2,, 2), %3 ; in this case the generating planes consist of a simply 
infinite set of planes passing through the line 7} =2,=2,=0. 
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Each generating plane of a cone meets I’ in a conic; con- 
versely each conic, c*, of I lies ina generating plane of a cone of the 
pencil (#,@); for the variety of a pencil which passes through any 
point P in the plane of c? and not upon c?, must contain the plane 
entirely, and a variety which contains a plane is necessarily a 
cone*. 

Hence I contains 0! conics belonging to five sets, each set con- 
taining two classes (corresponding to the two systems of generating 
planes of a cone). 

The hyperplane through any generating plane a of a cone and A 
meets the cone in another generating plane a’; for taking the cone 
aS 2%, — #,%,= 0, and the generating plane as 

Ly — Ms = , — &, = 0, 
the hyperplane is 
(a, — pos) ( py — Ly) — (ply — Ly)(ay — pts’) =0...... (1). 

By comparison with the three-dimensional quadric it follows 
that this hyperplane also contains another generating plane a 
belonging to the other system. Since a and a’ belong to the 
same hyperplane (through A), it follows that they are projected 
from A into the same plane @ of S,, and in 8 there lie two conics 
of the quartic surface. The envelope of 8 is seen from (1) to 
be a quadric cone whose vertex is the projection of the vertex 
(00001). Thus we regain the pair of conics in each tangent 
plane of a cone of Kummer; the points of intersection of such 
a pair lying on the generator of the cone along which the plane 
touches the cone. 

Other leading properties of the quartic surface considered are 
readily obtained by the method of Segre. We obtain the sixteen 
lines of the surface as follows: 

The surface [’ is determined by the equations 


5 5 
= (a; — a) 2? = 0, % a= 0; 


by a change of the coordinate system these equations may be 


replaced by 
A Ae A3A,=0 Pear erecceressceccece (a) 


Pa ee We YO ...........008 (b). 


* Since its equation is expressible in the form 7,4 +2,B=0, if z}=2,=0 is the 
given plane. 
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Every plane X,=2X,, X,= 2X, (a generating plane of (a)), — 

will meet (b) in a conic, which reduces to two lines, if 
(a§X,, Xo, Xs, X4) 
is reduced to a perfect square; this leads to a biquadratic in A. 

Hence four generating planes of this system meet I’ in two 
limes, and similarly four generating planes of the other system 
meet I’ in two lines; this gives sixteen lines on I’, and therefore, 
by projection, on the nodal quartic surface. 

It follows also that eight tangent planes of each cone of 
Kummer contain a pair of these lines. 

Each of the sixteen lines p on I lies on each of the five cones 
of the system; the plane through p and a vertex of one of these 
cones is a generating plane of that cone and therefore meets T 
in another line, hence each of the sixteen lines is met by five 
others. 


Cubics and Quartics on the surface. 


Any hyperplane through one of the sixteen lines meets I’ in 
a cubic curve, and since there are « * hyperplanes through any line 
we thus obtain sixteen sets of 0 * cubic curves on the surface. 

In S, there are oo hyperplanes and each of them meets [ 
in a quadri-quartic, any two of these quadri-quartics intersect in 
four points, lying in the plane common to the two hyperplanes ; 
through these four points there pass o«? quadri-quartics deter- 
mined by the pencil of hyperplanes through the plane of the 
four points. 

Since four non-coplanar points determine one hyperplane, it 
follows that one quadri-quartic of the surface passes through any 
four non-coplanar points of a nodal quartic surface. 

Any hyperplane > =0 cuts the quadri-quartic /* whose projection 
is the double conic, in four points lying in the plane of intersection 
of this hyperplane with Df, the tangent hyperplane at A. 

Let Q,...Q, be these four points and a their plane, and Q,’... Q, 
the points in which AQ, etc. again meet &*. Let @ be the polar 
plane of A for the system of quadrics through k‘ and p the line 
(a8); then the planes (pA), a, 8, (pQ,’) are harmonic and the plane 
(pQ,’) must pass through Q,’...Q,’; ie. the points Q,’...Q, are 
coplanar. Hence we have oo? quadri-quartics, arising from the 
hyperplanes } + ADf=0, through Q, ... Q,, and oo? quadri-quartics 
through Q,...Q,. It follows on projection that each of the «* 
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quadri-quartics of the projected surface cuts the double conic in four 
points of which three determine the fourth; and through four such 
points there pass co} quadri-quartics on one sheet of the surface and 
01 guadri-quartics on the other sheet of the surface. 

Among the o% hyperplanes of S,, 0* pass through A; these 
hyperplanes meet I’ in quadri-quartics which are projected into 
plane sections of the projected surface. 


Quadrics inscribed in the surface. 

Let = 0 be any variety of the pencil (F, ©); its intersection 
with the polar hyperplane of A for F is given by DF=0, F=0, 
and is a quadric A; the intersection of [ with A is a quadri- 
quartic ci. Let X be any point of c‘; the tangent plane to 
I’ at X 1s given by the equations 


ee Sob sxl_6. 
Ox; Ox; 


and the tangent plane to A at X is given by 
Sy, 20, peo: 
OX; 
each of these tangent planes lies in the hyperplane 7X a = 0, 


which passes through A since X is a point on DF=0. Hence 
the tangent planes to I’ and to A at X lie in the same hyper- 
plane through A, they are therefore projected into the same 
plane of &;. 

Thus the projection of A touches the projection of [ along 
a quadri-quartic, the projection of c+ 

Now #' is any member of the pencil (7, ®), hence 0? quadrics 
touch the quartic surface along quadri-quartic curves. 


36. Fundamental inversions. 

As in the case of the quadric in three dimensions where the 
points of contact of the tangent lines to a quadric ¢@ which pass 
through a point hie on a plane, so the points of contact of tangents 
passing through a point of S, lie on a hyperplane, the polar hyper- 
plane of the point. If C is the vertex of a cone of the pencil 
(F, ®), the polar hyperplane of C is the same for each member of 
the pencil, e.g. if the system is determined by the two equations 


5 5 
2 zZ=0, Yaa? =0, 
1 


the polar hyperplane of the point (10000) is #, = 0, and so on. 
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Let a be the polar hyperplane of C, A the centre of projection, 
and f the member of the pencil which passes through A. Then 
any plane through the line (C, A) meets f in a conic passing 
through A: this conic is met by a=0 in two points B, B’ whose 
join is the polar line of C for this conic; so that if any line 
through C' meets the conic in two points Q, Q’ then, by elementary 
geometry, {A, BB’QQ'| =—1. 

Now there are two generators of the cone whose vertex 1s C 
which lie in the plane of this conic; each of these generators meets 
the conic in two points of I, since the points lie both on f=0 
and on the cone, and the conic is projected from A into a line 
of S;, hence denoting by o the quadric which is the projection of 
the quadric a= 0, f=0, and the projection of C by C’ (which is the 
vertex of a cone of Kummer), it follows that any line through C’ 
meets o in two points B,, B,’ and the projected quartic surface in 
two pairs of points Q,, Q,/; R,, R, such that both Q,, Q, and 
R,, are harmonic with regard to B,, By. 

Hence C’” is said to be a centre of self-inversion of the projected 
quartic surface *. 


37. Plane representation of the surface. 


To represent I, and therefore the projection of I’, upon a plane, 
we take the oo? planes through a line p of I, any one of these 
planes meets any two varieties of the pencil (f', ®) in p and two 
other lines respectively, the intersection, Q, of these latter lines hes 
on I’; hence the plane through p meets [ in one other point, viz. Q. 
Moreover it meets any given plane XK in one point Q’, thus there 
arises a (1, 1) correspondence between the points of [and K. 

The five lines of I’ which meet p have as images the five 
base-points; if g be one of the ten lines which do not meet p, 
the hyperplane through p and gq meets K in a line, and since this 
hyperplane meets I‘ in two non-intersecting lines p and gq, it must 
also meet it in two other lines which meet both p and g. Hence 
the image of q is a line passing through two base-points. 

If z,=0, z,=0 are tangent hyperplanes to # at any two 
points of p, and 2,=0, #,=0 the tangent hyperplanes to @ at 
these points, the tangent plane to I" at any point of p is repre- 
sented by 

L, + AX=0, Xe t+ AX, =0. 


* The quadric o is the quadric H of Art. 31. 
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As X varies, the intersection of this plane with the given plane 
K is clearly a conic; hence the points of I’ contiguous to p are 
represented by the points of a conic which passes through the five 
base-points, 1.e. the umage of p is this conic. 

Again the oo? hyperplanes through p meet [in ©? cubics 
and K in 00? lines, i.e. the lines of K are the images of o? cubics 
of I’. 

Any hyperplane meets I’ in a quadri-quartic and also meets 
each of the five lines which meet p, moreover it meets any cubic 
of I’ in three points, hence the image of the section of I’ by this 
hyperplane is such that it is met by any line of XK in three points; 
it is therefore a cubic which passes through the five base-points. 

The «* hyperplanes through A which give rise to the plane 
sections of the projected surface (Art. 35) meet I’ in quadri-quartics 
such that through any three points of I’ there passes one such 
quadri-quartic, hence among the oo‘ cubics of K through the 
base-points there are «* cubics forming a net or linear set; these 
are the images of the plane sections of the projected surface. 


CHAPTER IV 


QUARTIC SURFACES WITH A NODAL CONIC AND 
ALSO ISOLATED NODES 


38. <A quartic surface with a nodal conic may have in addition 
one or more isolated nodes; such a node is the vertex of a cone of 
Kummer, for taking the node as a vertex of the tetrahedron of 
reference, the equation of the surface is 


vZA +22,0L + U?=0, 


where A = 0, U=0 are cones whose vertex is the node, and 1 = 0 
is a plane through the node; we may write this equation 


(0 +2,LY =22([- A), 
hence the node is the vertex of a cone of Kummer. 


This result may also be seen from the fact that any tangent plane drawn 
to the surface from the node meets the surface in a quartic curve with four 
nodes, and if the surface is not ruled this section must consist of two conics. 


The sextic tangent cone whose vertex is the node D, here 
consists of the cone V of Kummer of vertex D and the cone U 
(counted twice); the latter cone meets the surface in the double 
conic and in the four lines given by A= U=0. 

The surface contains twelve lines; for if the foregoing four lines 
meet the double conic in P,... P,, through the line DP we can draw 
two tangent planes to V each of which meets the quartic surface 
in two conics, and in each plane there is therefore one other line 
in addition to DP,: similarly for the tangent planes drawn to 
V through the lines DP,, DP;, DP,. Hence we have in all 
4+ 8=12 lines on the surface. 

There are only three cones of Kummer in addition to V, for if 
we take the vertices of the triangle self-polar for the sections of 
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U and V by «a, as vertices of reference, the equation of the surface 
may be written 
faa? + bx? + ca? + 2x, (a% + Br + Xs) + 20.02}? 

= 42 {v2 (1 + ra) + x? (1 + AD) + 2? (1 + Ac) 

+ 2x, (ax, + Bag + yas) + A?x2}; 
and the values of X for which the quadric on the right is a cone 
are given by the cubic equation 

mi Qe B? 9? 
ny a es a ee 

If there is a second node D’, then if the cone V contains D’ 
it will have a double edge and therefore consist of two planes, and 
the equation of the surface is 

U? = 4w'pgq. 
If V does not contain D’ then U must contain it, and since the 
line DD’ meets the double conic it therefore lies on the surface. 
The equation of the surface may be written in either of the forms 
U?=4u°V, U?= 4w'V", 
where D, the vertex of V, lies upon U=0, and D”, the vertex of V’, 
lies upon U’=0. 

In this case two of the lines DP,... DP, must coincide, since otherwise 
D' could not be a double point of the curve of intersection of U and the 
quartic surface, consisting of four lines. In fact the tangent plane at any 
point of DD’ meets the surface in a section which contains four nodes lying 
on DD’, hence the section consists of the line DD’ taken doubly together with 
aconic. The tangent plane at any point of DD’ is the same since otherwise 
this line would be a double line of the surface. The line is torsal. 

If there are three nodes the section of the surface through 
these nodes contains five double points and therefore consists of two 
lines and a conic; one line joining a pair of nodes does not lie on 
the surface, whose equation may be written in either of the forms 

(w+ V—pgy=4w?V, (V—pq — w= 4w%pg, 
where the vertex of V lies upon w? —pqg=0. The lines joining the 
vertex of V to the two nodes each meet the double curve, hence 
the plane through these two lines meets the surface in each of 
them doubly. 

If there is a fourth node two lines joining a pair of nodes do 
not lie on the surface, and four lines joining pairs of nodes lie on 
the surface, whose equation is therefore 

(w? + rs — pq)? = 4w'rs. 
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If the nodes on the lines (y, g) and (7, s) are D,, D,, and Ds, D, it is clear . 
that the lines D,D;, D,D,, D,D;, D2D, lie on the surface. 


There cannot be more than four nodes, for if D be the node 
which is the vertex of a cone V, then V cannot contain more than 
one other node, hence the remaining nodes must lie on U, and it 
was seen that each node on U causes the coincidence of a pair of 
the lines DP,... DP,: hence U cannot contain more than two 
nodes of the quartic surface apart from its vertex D*. 


39. Special positions of the base-points. 


It will now be shown that singularities of the surface arise 
from special relative positions of the base-points. If a node 
exists, any line through it meets the surface in two points apart 
from the node, hence any two cubic curves f; which correspond 
to plane sections of the surface through the node meet in two 
variable points only. 

In order that this may be possible one of the two following cases 
must arise: Either, in the first case, these cubics must have a 
common node and intersect in three other fixed points, e.g. if 


y= EA + E,L, +2, prt = E, Ly + Re, 
pr = E, Ls ats Ds» pr = E, Ly+ ma; 


where the ZL; are quadratic in €,, & and the 2; cubic in &,&. The 
point (1000) will then be a node to which the point & = &=0 will 
+ an, The system of cubic curves will touch at the point 
£, = & =0, so that two base-points coincide. Thus the coincidence 
of he base-points leads to a node on the quartic surface. 

The four lines through the node correspond to the following : 
the point consecutive to &,=&,=0 upon A =0, and the joins of 
this point to the three other base-points. 

Or, in the second case, three base-points are collinear, and we 
may take as equations of Clebsch 


Ty =f,, P%_=AUn, Pls = Ag, ply = Aly, 


where u, = 0, u,= 0, u,= 0 are conics having two common points, 
which also lie upon f,=0. The base-points are then given by 
fi=a= 0 and the two other common points of the system. 


* These surfaces have been investigated by Korndérfer, Die Abbildung einer 
Fliche vierter Ord., etc., Math. Ann. 1, and 11. 
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The point (1000) is seen to be a node, for if 


i." 
as C 

be any line through it, the points in which this line meets the 

surface have as their images the intersections of the conics 


is = ti sth, 


— ~~ 


27 EC’ 
which are two in number, apart from the two base-points. 


Hence tf three base-points are collinear the surface has a node. 
The image of the node is here the line a= 0. 


Two nodes on the surface may arise in three ways: first if 
the base-points are doubly collinear, e.g. when the jom of the 
base-points 1, 5 meets the join of the base-points 2, 4 in the 
point 3; secondly when two base-points are coincident and three 
are collinear; thirdly if there is a double coincidence of two base- 
points. 


Considering the first case, let a=0, 8=0 be the lines (1, 5) 
and (2, 4); the equations of Clebsch are here 


PX =au, PXe — aBl,, pXs = able, pr, - Bo, 
where u=0, v=0, are conics through two base-points; L, =0 
and L,=0 are any lines. 


Thus as in the case of one node the points .A,, A, are nodes, the 
line 8 corresponds to A, and a to A,; to the point a= 8 =0 corre- 
sponds the line A,A, which les on the surface. 


There are nine lines on the surface whose images are the base- 
points and the lines 12, 45, 14, 25; those which correspond to the 
base-points 1, 3, 5 pass through one node and those to 2, 3, 4 
through the other node. 


There are three sets of pairs of conics: first those which have as 
their images the pencils of lines whose centres are the base-points 
1 and 5, these conics pass through a node of the surface which 
is the vertex of a cone of Kummer; secondly those correspond- 
ing to the pencils of lines whose centres are 2 and 4, these 
conics also pass through a node which is the vertex of a cone 
of Kummer: lastly those which are represented by the conics 
through the base-points 1, 2,4, 5 and the pencil of lines whose 
centre is 3. 


J.Q. 8 5 
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That there are only three cones of Kummer may also be seen thus: 
referring to the equation of Art. 38 ; if D is the vertex of the cone 


and JD’ the vertex of 


x2 (1+da)+y? (L+Ab) +22 (1+Ac) + 20a (ax + By + yz) +A2w?=0, 


the line DD’ is 
a(ltdAa)_y(1 +b) BA) 

a B Y 
and since DD’ meets the double conic we have 

aa? ” bp? ” 

(1 (1+na)? (1+4Ab (1+Ac)? 

which is the condition that the cubic equation for A should have a pair 
of equal roots. 


(T-+0)2 * (14 dey 


40. When three base-points are collinear and two are coin- 
cident the appropriate equations are 


px; = a;6,°é, Te EL; + b;S, (2 ae it Z 3, 4), 


where the ZL; are quadratic and S cubic in &,, &,. 

Here the node b; corresponds to the line &,=0, and the node 
a; to the point &=£,=0. Thus the join of the nodes does not lie 
on the surface. The number of lines of the surface is easily seen 
to be eight. There are three cones of Kummer, as is seen by 
forming the discriminant of 


pg +AU 4+ r?w?, 


the surface being U? = 4w*pgq. 

When a coincidence of two base-points occurs twice we obtain 
the same surface as in the first case, for, as before, if a and 6 are 
the points at which coincidence occurs, each of these points will 
correspond to a node of the surface, and the line joining them is 
the image of a line on the surface. 

The case of three nodes arises when the join of two consecutive 
base-points, say 1 and 5, passes through another base-point, say 3, 
the points 2 and 4 being coincident. The three nodes correspond 
to the line (1, 5) and to the points 1 and 2. There are six lines 
on the surface. 

When the join of the (coincident) points 2 and 4 passes 
through 3 we have four nodes. The only lines on the surface are 
the four which respectively correspond to the point 3, the line 12 
and the base-points consecutive to 1 and 2. 
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41. Coincidence of more than two base-points. 


When three of the cubics have a common node and a common 
tangent thereat, e.g. if 


Ii = £,aL;+ ByP; (2 == |, 2, 3), 
where the L;, P;, a, 8, y represent lines through the point 
E, = E, = 0; 


this common node counts as five intersections of any two of these 
three cubics. If S be any cubic passing through the points (&;, 9), 
(&;, y) and having @ as its tangent at (&,, £&,), the system of cubics 


3 
S+ir%Af;=0 
1 


intersect in three consecutive points at (&,, £) and pass through 
two other fixed points. Here, therefore, three base-points are 
coincident. 

Among the curves of the system appear (1) ByP=0, where P 
is a line through the point & =&=0; and (ii) a(&a+cPy)=0. 
Each of these curves is intersected by any curve f; in one point only 
apart from the base-points; hence the node is biplanar with the 
planes (say x2, #3) corresponding to (i) and (11) as tangent planes 
thereat. 

When the nodal cubics f; have three consecutive points 
common at (&, &) on the branch whose tangent is a, and one 
other common point, they are of the form 

E,a( piP +a) + 7 (qiB? + ria + 9:07) =0; 
where we have p,/q; the same for each cubic. 

Hence the preceding cubic (1) is ayP = 0 and the planes a, a, 
intersect in the line of the surface given by a=0: the binode is 
therefore of the second specves. 

If S=0 is a cubic through the three consecutive points and 


3 
the additional point, the cubics S+22;7;=0 intersect in four 
1 


consecutive points at (&, &); here, therefore, four base-points are 
coincident. 


Lastly when the nodal cubics f; have four consecutive points 


common at (&, &) on the branch whose tangent is a, they are of 
the form 


E,a(piB +4) + qi8* + 7Ba + s; Ba? + tra® = 0, 
with the conditions, g;= Ap;, 7; = B+ Cp. 
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Hence the curve (i) is a? P, and the plane «, therefore touches — 
the quartic surface along the line (a, x3). The binode is of the 


3 
third species. The cubics S+2A,;f;=0 have five consecutive 
J 


points in common, and the base-points all coincide. 

The equation of a surface with a binode is of the form 

V?—2V2,4,+ 222,25, =0, 

where V=0 is a quadric cone whose vertex is the binode. 

From consideration of the base-points the surface is seen to 
contain eight lines. 

If there is a further node Q, then as in Art. 38, the line joining 
Q to the biplanar node P lies in the surface, and hence in one of 
the planes 2, 23, say 2; also as before the lines of intersection of 
x, and V coincide, and hence az, touches both V and the surface 
along the line PQ. 

Conversely if x, touches the surface along a line the surface 
has a further node on that line *. 


42. Uniplanar node. 


When four base-points coincide in one point A, and the fifth 
base-point lies on the tangent at A to the cubics of the system, 
we have a uniplanar node. For let S be any particular cubic of 
the system and 8 the tangent to S at A, then any cubic of the 
system 1s represented by 


S+ a;&6?+ BP;=0, 
where P; = 0 is a pair of lines through A. 
The line 8 =0 corresponds to the node; the equations 
pr; = B (&38 oe P)), (2 = I, Z 3) 


represent plane sections through the node. 

One derivable equation is px = fa, and the line x=0, 2;=0, 
meets the surface in one point only; this holds only for the plane 
x=0, hence the node is wntplanar, with « =0 as its tangent plane. 


43. Ruled surfaces. 


If all the cubic curves of the system have a common node and 
one other common point, three of the base-points become indeter- 
minate, viz. three of them come into coincidence with the fourth 


* If z, also touches V we have a second node. 
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in an indeterminate manner. The equations of Clebsch are of 
the form 

y= E 3L; + E iM 
where L;, M; are quadratic in &, &, and where we must assume two 
linear relations between the ZL, to secure that the four cubics have 
all the four consecutive points in common. We may therefore 
take as equivalents of these equations the following, viz. 


px, = EL, pipe EE, +- &, Me, py = E,M, 3) px, = &M, 


It follows that to each line of the pencil & = A€, there corre- 
sponds a line on the surface, which is therefore ruled. Since each 
cubic is nodal and has therefore zero deficiency the surface must 
possess a double line in addition to the double conic. 

To the line, &=0, however, there corresponds the line 
%3=a2,=0, which is such that any plane through it meets the 
surface in two lines; hence the line (a,2,) 1s the double line; 
through each point of the double line there pass two generators, 
viz. those obtained by giving any constant value to L,/L,. 

If the fifth base-point coincides in a definite way with the 
point in which the other four base-points become coincident, the 
equations of Clebsch are of the form 

a= Fal+ PiQsk 

Hence if we join any point on the line p determined by the 
equation px; = L;, to the corresponding point on the cubic curve 
given by the equations px; = P;Q;R;, we obtain a generator of the 
surface; hence through each point of p, the double line, there 
passes one generator of the surface. 


44. Cuspidal double curve. 


We now consider special cases of the quartic surface with a 
nodal conic arising from peculiarities of the double curve. Taking 
the surface to be 2V + U?=0, we obtain the two tangent planes 
at any point of the double curve by writing 2;+&, for x; in 
this equation and selecting the terms of the second order in 
the &: this gives as their equation &£?V +(AU)?=0, where 


AU =%eo 


These planes coincide at each point of the double curve when U 
is a cone of which 2,=0 is a tangent plane; the double curve is 
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then a line which is said to be bidouble (Segre); the corresponding 
equation of the quartic surface being then 
eeu + (2,2, + 27) = 0. 
This may be written in the form 
tP2V +4224 +27,4=0. 
There are two triple points on the bidouble line, viz. those given by 
2} == V=0, 

The sections through this line consist of conics passing through the triple 
points which in a number of cases reduce to a pair of lines. Take the plane 


% a8 containing such a pair and the tangent planes to V at the triple points 
as the planes 73, x4; the equation of the surface is then 


Ly? (0304+ Ao? + bx, 2) +2, 2°A +2435=0; 
which may also be written 


3 
(3%) — a4Xq") (L242 — B yr?) = 2X, (at, + Bi%). 


This shows that there are four planes through the bidouble line which 
contain a pair of lines of the surface. 


Again the tangent planes will coincide at each point of the 
double curve for the case in which V contains the double curve: 
the surface is then 

2 (a,%, + aU)+ U?=0, 
which may be reduced to the form 
22, + U2 = 0. 

The tangent planes at each point of the cuspidal double conic 
also touch U and hence meet in the pole of U for the plane a. 
The plane z, is a trope. 

The surface has two “close-points” C, C’, viz. those given 
by 2,=2,=U=0. Taking the planes 6, 8’ which touch J at 
C and C’ as the planes a;, x,, U takes the form 

gt, + (a, 0, 5a). 
It is clear that the planes 6, 8 each contain four lines of the 


surface, those in 6 passing through C, those in 6’ passing 
through C. 


45. Involutory properties: class of the surface*. 


Let us take any point x in CC’ and its polar plane o for U, 
o being then the plane 2,&,+2,&=0; so that if X be any point 


* See Béla Totéssy, Ueber die Flichen vierter Ordnung mit Cuspidalkegel- 
schnitt, Math. Ann. x1x. (1882). 
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of o the line A#;+X; meets the surface in the points given by 
the equation 
Nae, + Ty= ste Vv — A Km. 


Denoting these points by P, P’; Q, Q it is clear that we thus 
obtain two sets of four harmonic points, viz, #, X,.P, P’ and 
x, X,Q,Q’; hence the surface ts in involutory central collineation 
with rtself for any point K of CC’ as centre, and with the polar plane 
of K for U as plane of collineation. From consideration of a 
quadric which touches the surface at P and P’,it is clear that 
the tangent planes at P and P’ meet ina line of o. If the line 
through « touches the surface, the points P, P’ and X all coincide ; 
hence the point of contact of any tangent line to the surface 
through « lies on a plane section of the surface; any such section 
is of class six since it possesses two cusps. Now the class of 
a tangent cone 1s equal to the class of its plane section, which is 
in this case sax; and the complete tangent cone from x to the 
surface consists of the plane z,, the plane a, taken thrice, and a 
quartic cone of class six; hence siz must be the class of the 
tangent cone from any point to the surface; the surface is there- 
fore of class six. 


46. Cuspidal conic and additional node. 


Any plane through the line CC’ meets the surface in a pair of conics 
touching at C and C’; if there exists a node D of the surface outside the 
cuspidal conic, one of these conics must reduce to the lines DC, DC’ which 
touch the residual conic of the section by the plane (DCC’) at C and C’ 
Two of the lines in 6 coincide and pass through J, similarly for 8’, hence the 
surface 1s a special case of those represented by the equation 

(0, — kate)? (€1, Loaf a)? + £3.24 {LyX + (Cy, T2hb)*} =O. 


The planes 6, 6’ touch the surface along the lines DC, DC’ respectively 
and cut it also along two pairs of lines passing respectively through C and C” 
and meeting on the line (6, 8’). 


The equation of the tangent cone of the surface at D is 
(a, — katy)? (h, 1X)? Xo? +0374 Vy=0, 
where X; is the point D; if the node is biplanar we must have (&, 1{a)*=0, and 
the equation of the surface reduces to 
(a, — kate)? L + 2304 {€5X4+ (1, %_hb)*} =O, 
where Z=0 is a plane through C, C’. 


Hence the planes 6, & osculate the surface along the lines CD, CD’ and 
each contains one other line of the surface. 


72 QUARTIC SURFACES WITH A NODAL CONIC [CH. IV 


47. Double conic consisting of two lines. 


When the double conic is a pair of lines the surface is repre- 
sented by an equation of the form 
(%,0,+2,A)’= 2°V, 
V =0 being a cone; if x, is any tangent plane of V, the foregoing 
may be written 
(a,%,+2,A) = x,2(C? + a,B). 

Let 2, be one of the tangent planes of V which meets the 
surface in a pair of lines and a conic; one of these lines will meet 
one double line and the other will meet the second double line. 
Taking these four lines as edges of the tetrahedron of reference 
and expressing that the lines (x, #3), (#2, 24) lie on the surface, the 
equation of the latter may be written in the form 

(25%, + 2,0)? = a? (a? + 2,8). 

If any point on a double line be joined to any point on a 
simple line of the surface, this join meets the surface in one 
further point; this affords a means of representation of the surface 
on a plane; for if we write 
sy, 


é, 
E, 
the equation of the surface shows that 
pt = EU, p&=E,U, pt,= Eu, pmy= Ev; 

where w=0, v=O are conics such that one of their intersections is 
the point (&, &), and where wu passes through the point (&,, &). The 
five base-points consist of the points (u,v) and the point (&, &,). 

The case of additional nodes arises as in the case of the surface 
with a nodal conic. 


Hey, Wa 


Either or both of these lines may be cuspidal. The equation of the 
surface in the latter case is 


{€X4— Ly (AX, +b2q)f* =r P29. 
An additional node exists if 4ad=1. 


48. Classification of quartic surfaces with a nodal conic. 


The method of Segre (Art. 35) affords a means for the classifi- 
cation of quartic surfaces with a nodal conic. The two four- 
dimensional varieties = 0, ®=0 are reduced by the method of 
Elementary Factors* of Weierstrass to their canonical forms, 


* See Quadratic Forms, etc., Bromwich, Camb. Math. Tracts; or the Author’s 
Treatise on the Line Complex. 
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leading to various types and each type to sub-cases. Each pair 
of forms thus arising affords one species of the quartic surface 
considered. 

An elementary factor (~—;)’ of /'4+A® gives rise, if é 1s 
greater than unity, to a group of terms in e, variables, viz., 


vr; (2%e,, + Lea + +. + We, 1) + @yHe, 1b +. + We, 1tr, 


— (Le, +... + Ley Xr); 


in # and ® respectively, so that #+2;® is a cone of the pencil 
(F, ®) whose vertex lies on each variety of the pencil; at this point 
the varieties have a common tangent hyperplane x,; this point is 
therefore a double point of IT. 

We now consider the principal types, indicating them as in 
Segre’s notation by 


(smi A BM, (28) (ah, (5). 


The surface which is the projection of I" is denoted by 
[11111], etc. but if the point of projection A lies on a cone of 
(F, ®) the projected surface is represented by [11111], and so on. 

The general type [11111] has been already considered in the 
preceding chapter; we may find its class by aid of this method. 


5 5 
Taking Fas Ha SS a; X;', 
1 : 


the required class is equal to the number of tangent planes of the 
projected surface which can be drawn through any line p of S;; 
but if the projection of a plane 7 from A on 8; passes through p, 
then A, p and 7 must lie in the same hyperplane ; our problem is 
therefore to find the number of hyperplanes through the plane 
(A, p) which contain tangent planes of I. If the plane (4, p) is 
given by the equations 


5 5 
> A;2; = 0, > Ba; => 0, 
1 1 
the condition requires that 
Saiki= pEES +08hS, 


where a,=A;+2AB;. Thus we obtain 
aj = Xj (p a adi), (a = 1, 2, 3, 4, 5), 
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whence a? a; a? 





= —— = Q, S 7 ane coe Q, 
gop Ge) 
P P 
a;? 
and therefore D3 — =(. 
on 
1+—a; 
p 


These equations show that the last equation, considered as a 
quartic in has equal roots; and forming its discriminant, which 


is of degree six in a7, we obtain an equation of degree twelve in 2. 
The class of the projected surface 1s therefore twelve. 

We now proceed to consider the remaining six principal types. 
The canonical forms corresponding to the type {1112} are 


FE ae + 2 + 22 + 22,25, 
D = a2! + gh? + AgH,? + 2A, Xs + LY. 
At the point (00001) which is a double point of T, # and ® 


have the common tangent hyperplane 2,=0. The tangent cone 
of T' at this point is 


Xs T=. (a, — (ls) Oa + (a, = as) Ke + (as — a;) Cire = 0. 
This cone contains the four lines 
Ly = Uy + Le + 0,7 = A Uy? + A, Le? + a,x? = 0, 


which also belong to I. 

If there is any additional line on IT, the plane through it and 
the vertex of the cone b—a,F must lie on this cone. Now 
through any generating line of a cone in &, we can draw two 
generating planes (one of each set), Art. 35, and hence through 
each of the preceding four lines; such a plane meets [in a conic 
which therefore reduces to two lines. Hence corresponding to 
each of the four lines through the double point we have two other 
lines of IT. Therefore the surface [1112] has a conical node with 
four lines passing through it, and eight other lines. The class of 
the surface is ten, being diminished by two from that of [11111] 
owing to the additional node. 

In [1112] the same applies, the double conic being here two 
intersecting lines. 

In [1112] the point of projection lies on the cone ® —a,F; the 
double point of [Tis projected into the intersection of the two 


48 | AND ALSO ISOLATED NODES 75 


double lines, and this point is now triple*; the tangent cone at it 
consists of the plane of the double lines and the projection of the 
tangent cone of I at its node. 

If T'is of the type {122}, / and ® have the forms 


Fe a3 + 20,05 + 24,45, 
D = 0,2,? + 2a,a2X3 + 234425 + qo? + 2°. 
Here I has two nodes, viz. (00100), (00001); the tangent cones 
thereat being 
Ly =( — Ay) 2? + 2 (As — Ag) L425 +22=0; 
and 
Xe, = (a, — Cs) ©? —— y, (a, — (ls) HeX3 “fb we? == 0. 
The line joining the nodes belongs to I, and along this line 
the plane x, = #,=0 touches both F and ® and therefore I. 
Through the first point there pass the two lines 
mar 2e,8,= dat 2a4,0, + o72=9; 
similarly two lines pass through the second point. 
As in the case {1112} each of these additional four lines gives 
rise to a line of I’; hence IT contains nine lines in all. 
, The nature of the surfaces [122], [122], [122] is therefore 
determined. 
For the type {113} we have 


Fs xe + a7 + 02+ 22752;, 
D= A, Hy? + ApLy? + ds (42 + 2%3H5) + 2x52. 


The point (00001) is a double point of I"; the tangent cone at 
it, which is represented by 


%3==0, (Gy — As) &7 + (Up — As) B= 0, 
breaks up into two planes 4, #., whose intersection does not lie 
on I. The point is therefore biplanar. It is easily seen that 
through the double point there pass four lines of I, of which two 
%, 7, lie in ~, and two 7, 7, in p.. Through 7, there passes a 
generating plane of the cone © — a; = 0, of the same system as pp ; 


* For any plane a passing through A and the vertex K of the cone corresponding 
to 2 meets that cone in two lines, and each of these meets I in one other point 
giving two points Q, 2 of fr ona. The plane a is projected from 4 on S; into 
a line r passing through K’ the projection of K; and Q, R are projected into the 
two other points in which r meets the surface. If however A hes on the cone, one 
of the two previous lines must pass through A, and r thus meets the surface in one 
point only (apart from K’); the-point K’ is therefore triple. 
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and so for the three other lines 7,’, 74, 72’; hence each of these four 
planes meets I in an additional line, giving rise to four new lines 
6, 6:, Gi, Se- 

Hence applying to the surface [113] we have a surface of 
the ninth ‘class* which has a biplanar node and contains eight 
lines. 

For the type {23} we have 

EF = 22,0, + 2a,0, + «2, 
D = 20, 8,L_ + 03 + dy (QxsHs + U2) + Zager. 

From consideration of the cases {1112}, {113} it is seen that T° 
possesses a conical node at D and a biplanar node at D’ at which 
the tangent cone breaks up into two planes py, and p,. The line 
DP is given by 2;=2,=a,=0; and the plane p, i @ =a ee 
this touches I’ along the line DD’. Asin {113} there are two lines 
2, T, mm the plane po. 

The section of [' by its tangent hyperplane «, at D is 

Xv, = Qage, foe =xz2,= 0; 
and is therefore the line DD’ together with one other line. The 
two generating planes of the cone whose vertex is D which pass 
through the latter line, meet the surface in two new lines. These 
six lines constitute all the lines of the surface. 

The nature of the surfaces [23], [23], [23] follows immediately; 
they are of the seventh class, the first has a conical node and a 
biplanar node, the second has a conical node and a triplanar point, 
the third has a biplanar node and the intersection of the double 
lines as a triplanar point. 

For the type {14} we have 


FB x2 + 2xH5 + 2x32, 
D = a,2, + 2a, (Hats + 544) + 2a_H, + #2. 

The double point D, or (01000), is here biplanar, and the two 
nodal planes intersect in a line which lies on I’; the biplanar point 
is therefore of the second kind fF. 

The nodal planes meet I also in two lines 7,, 7, through D. 
In the two other generating planes of the cone whose vertex is D 
which pass through r, and r, respectively there are two other lines 


* A biplanar node of the first kind reduces the class of the surface by three. 
Salmon, Geom. of three dimensions, p. 489. 
+t See Salmon, l.c. 
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of I (say) s, and s,, which meet 7, and r, respectively; and since 
the line of intersection of these latter planes meets s, and s, it 
must therefore meet them in the same point. Hence we have 
four lines on I’ forming a skew quadrilateral, together with 
another line through JD. 

The preceding defines the surfaces [14], [14], [14] which are 
of the eighth class. 

For the type {5} we have 

P= 2a, 4, + 2,2, 4+ 737, 
D = a, (24,H5 + 24H, + £47) + 2,2, + 2H_Ts. 
The (one) cone of the pencil meets 2, in the two planes 
Se, =O; ape aye 0; 
and these planes meet in a line r of f. The first plane touches I 
along 7; thus since one of the nodal planes touches I’ along r, the 
biplanar point is of the third species. 

The other nodal plane meets [ in a line 7’, through D. 
Another generating plane of the cone passes through r’ which 
meets [ina lines. The lines 7,1’ and s are the only lines on I’. 

The properties of the surfaces [5] and [5] follow; they are of 


the seventh class; the latter has two double lines meeting in 
a triplanar point. 


49. Cones of the second species. 


In the preceding types the pencil (/ ®) contains cones, the 
equation of each cone being expressible in terms of four variables. 
When, however, two elementary factors are equal, the equation of 
the corresponding cone ® — a;/'=0 contains not more than three 
variables and the cone is said to be of the second species; e.g. in 
{(11) 111} we have 

® — af = (a3 — a) 47 + (4 — A) HE + (As — A) 2. 
This cone has oo} generating planes through the line 
ts = oye oa 0. 
In the previous types there were seen to be two systems of 
generating planes given as the intersection of a cone with its 
tangent hyperplanes. In the present case we have one system of 
generating planes obtained as the intersection of the cone with its 
tangent hyperplanes which all pass through the line 
L;=%,=2,=0, 
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the edge of the cone. In each generating plane there is one conic 
of I’. 

Each of these conics passes through the two points of inter- 
section of the edge of the cone with I. At either of these points 
there is a tangent hyperplane common to the pencil; these points 
are therefore double points of I’. 

If the group considered is (11) there are two such double 
points ; if 1t is (21), (31), (41) the points coincide, as is seen by 
reference to the corresponding forms. 

In the cases {1 (22)}, {(23)} the edge itself is seen to he on 1; 
in these cases since each generating plane of the cone meets I’ in 
the edge and one other line, there arise «0? lines on I’, which is 
therefore a ruled surface, having the edge as a double line. 

We can easily determine the number of lines on [ in the 
other cases; for any line of [I must lie on this cone of the second 
species and therefore meet the edge in one of the double points of 
I upon it. The tangent hyperplane at either of these double 
points meets the pencil (F, ®) in a pencil of ordinary quadric cones 
having the double point as vertex; the lines of intersection of 
two of these cones will be the lines of ' through the point. Hence 
these surfaces cannot have more than eight lines. 

Projecting T on S; gives us the surface we are investigating. 
In this case, however, the point of projection A may lie on a cone 
of the pencil (F, ®) of the second species. Here only one generating 
plane of this cone passes through A, which cuts I in a conic 
which is projected from A on S; into a line which will be a double 
line of the projected surface. Reference to Art. 35 shows that 
if f=0 is a cone of the second species, the double line of the 
projected surface, given by f= Df = Xa;x;=0, is therefore to be 
regarded as arising from the coincidence of two double lines*, 
This line contains two triple points (distinct or coincident), the 
projections of the two double points of [ which lie on the edge a 
of f. For the generating planes of f cut [in conics through the 
two double points, hence their projections from A meet S; in conics 
through the projections of these points which are therefore triplet. 

Each of the oo? hyperplanes through the edge of the cone 
meets the cone in two planes ; each tangent hyperplane of the 


* Segre calls this line bidouble, see page 70. 
+ Since any line through one of these points on the projected surface meets the 
surface in one other point only ; see page 75, footnote. 
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cone meets it in a generating plane counted twice, and hence 
touches Tin aconic. If f=0 is the variety of the pencil (f, ®) 
which passes through A, and c,=0 any hyperplane, the inter- 
section of f and Cs is projected from A upon S; into the quadric 


Cz Df — ce f = 9, Sa = 0; where Sac =0 represents S;. This 


quadric passes ee the cubis conic f= Df=0. Now let c, 
be one of the preceding hyperplanes through the edge of the cone 
of the second order; we obtain on projection co? quadrics through 
the double conic and the two double points ; each meets the quartic 
surface im two conics. 

If c, is one of the 0? tangent hyperplanes of the cone of the 
second species we obtain on projection 0} guadrics touching the 
quartic surface along a conic and passing through the double conic. 

Through any point of S, there pass two of these tangent 
hyperplanes, hence through any point of S; there pass two quadrics 
containing the double curve which touch the quartic surface along 
a conic. Thus the quartic surface is the envelope of a system of 
quadrics simply infinite and of the second order which pass through 
the double conic and the two double points of the quartic surface*. 

The existence of this set of quadrics is peculiar to those 
surfaces which have a cone of the second species. For such a 
quadric is the projection from A of the intersection of some hyper- 
plane c, with f, the variety through A. This hyperplane therefore 
touches I’ along a conic, and hence c, meets the pencil (#’, ®) in 
a pencil of quadrics which touch along this conic; among these 
quadrics is therefore included the plane of the conic counted 
twice; if c,;=d,=0 is this plane, it is seen that among the 
varieties of the pencil (#’, ®) there is one of the form d,?+ czéz, 
and this is a cone of the second species. 


50. Quartic surfaces with a cuspidal conic. 

It was seen (Art. 35) that if f=Ois the variety of the pencil 
(f, ®) which passes through A (or «’), and ¢ any variety of the 
pencil, the equations of the projection of I’ from A on 8; are 

12f$° — Df Dd}? = (Df P (Dey — 4694, 
da,2; =="(). 
* For the surface ¢?= 4wpgq, the quadrics are w2wp+yup+wq=0. We have also, 


as in the general case, the quadrics \?w? + Ad + pq =0, which touch the surface along 
quadri-quartics. 
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Let « be any point on the double conic and «+ € a point on 
the surface contiguous to «; substituting «+ & for # and retaining 
only terms of the second order in £, we obtain as one of the 
equations of the two tangent planes to the surface at a, 


{2L¢'— MDd}? = M? (Dd) — 444}, 
where J and MM are the terms of the first order in &; arising from 


f and Df respectively. 
If these planes coincide we have 


(Do) — 4¢' = 0. 

This equation together with f= 0, Df=0, Xa;x;=0, gives the 
four pinch-points on the double conic. These planes coincide at 
each point of the double curve if the tangent cone to 6=0 from 
x’ contains the three-dimensional cone f=0, Df=0. Hence we 
have an identity of the form 

1og — (Dé)'= Af + XDf 
1.€. 4p’ — Af = (Dd)+ X Df. 
This shows that the pencil must contain a cone of the second species. 

Thus having given a pencil (/’, ®) which contains a cone > of 
the second species, the surface [ projected from A on S, has a 
cuspidal conic provided that A is so chosen that the tangent 
hyperplane at A of the variety through A is also a tangent 
hyperplane of w. 

The equations of the surface given at the beginning of this 
article may therefore, when a cuspidal conic exists, be written 
in the form 


Sais = 0, (2p — DfD$)'= (Df) {Af + XDf}; 
the latter equation is 
(2fx' — Df DxY = (DfY L£, 
where y= + ry f, and Lis linear in the variables. This is the 
equation obtained in Art. 44. 


The close-povnts. 

The two intersections of the edge of a cone of the second 
species with I’ were seen, in the general case, to give rise to two 
nodes on the projected surface ; when a cuspidal conic exists, since 
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the tangent hyperplane of the variety through P passes through 
the edge of this cone, these two intersections are therefore pro- 
jected into two points on the cuspidal conic; they are the two 
close-pownts. 

Quartic surfaces with a bidouble line. 

If A (or z’) lies on a cone of the second order y=0, then 
Dy =0 touches + along a plane 7, also 7 meets ¢ (any variety of 
the pencil) in a conic c?on I. The tangent plane to I’ at any 
point 2 of c? is given by the equations 


Of 4 vz. 0P 
bia — 0, DE; On; = 0. 
3 
If we suppose, as is permissible, y to be of the form 2a,&? = 0, 
1 


it is seen that the first of these hyperplanes is identical with 
Dwy=0, since for each point « of w we have 


> = ~F- 
ci Ls 


Ly 

Hence the tangent plane of I at any point of c? lies in the 

fixed hyperplane Dy =0, and is therefore projected from A into 

the same plane of S;, viz. Diy=0, Za;z;=0. The pair of tangent 
planes at each point of the bidouble line coincide. 


51. Of the sub-types arising from the equality of elementary 

factors the first is 
{(11) 111}. 

As stated in Art. 49 we have two nodes on I’; the line joining 
them does not belong to I. Hence there arises the surface 
[(11) 111], treated in Art. 38, possessing two nodes whose join 
does not lie on the surface. This includes the special case of 
a cuspidal double conic. 

Other special cases are fi (11) 11], (11) 111] having respec- 
tively two double lines and two nodes, and a cuspidal line containing 
two triple points. 

The characteristics of the various other sub-types are given in 
the table at the end of this chapter*. 


52. Steiner’s surface. 
The pencil (F, ©) may consist entirely of cones of the first 
order having a common generator and a common tangent hyper- 


plane along this generator. 
* For many details see Segre, loc. cit. 


J. @. 3: 6 
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Such a system, for instance, arises from the cones 


2, + (AY) 205) = it » Ooo ce eee ee (1). 
X25 +(b § #23)? = 0 
The line upon which the vertices of these cones lie is 
2,2, =), 


this line is a double line of T. Through A, the point of projec- 
tion, there passes one cone of the system, its two generating 
planes through A intersect on a line which meets the double line 
of I’ in the vertex of this cone. Hence the projected surface has 
three concurrent double lines, viz. the projection of the double line 
of I’ and the projections of the conics in the two generating 
planes through A. 

Each of the oo cones has two sets of generating planes 
meeting [ in conics, hence arise oo? pairs of conics in plane 
sections of the projected surface. Three of the points of inter- 
section of such a pair of conics lie on the three double lines, the 
fourth point is a point of contact of the plane with the surface. 
The surface is therefore a Steiner’s surface (Chapter Vii). 


53. We add Segre’s Table which contains a complete list 
of the different kinds of quartic surfaces with a double conic 
(including two lines or a bidouble line). 


Class of the 
Index surface Character of the surface 
[11111] 12 General surface 
[2111] 10 One node 
[311] 9 Biplanar point of the first species 
[221] 8 Two nodes; the line joining them belongs to the 
surface 
[41] 8 Biplanar point of second species 
[32] 7 One node and a biplanar point of first species 
[5] 7 Biplanar point of third species 
[(11) 111] 8 Two nodes; the line joining them does not 
belong to the surface 
f@l) 12) 8 A biplanar point of the second species 
[(11) 21] 6 Three nodes; the lines joining two of them to 
the third belong to the surface 
[(21) 2] 6 A node and a biplanar point of the second species 
[(31) 1] 6 A uniplanar point of the first species 
[(11) 3] 5 Two nodes and a biplanar point of the first 
species 


[(41)] 5 A uniplanar point of the second species 
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Class of the 


Index surface 
{(11) (11) 1] 4 
[(21) (11)] 4 
[(22) 1] 4 
[(32)] 4 


Character of the surface 


Two pairs of nodes 

A pair of nodes and a biplanar point of the 
second species 

Ruled surface (class II of Cremona) 

Ruled surface (class [TV of Cremona) 


Surfaces with a cuspidal conic. 


[(11) 111] 6 
((21) 11] 6 
((11) 21] 4 
[(21) 2] 4 
((31) 1] 4 
[(11) 3] 3 

[(41)] 3 


General case 

The close-points of the double conic coincide 

One node 

The close-points coincide, one node 

There is a point in which the two close-points 
coincide with a node 

A biplanar point of the first species 

A singular point of coincidence of the close-points 
with a biplanar point 


Surfaces with two double lines (meeting in a point 
which 1s not a triple pount). 


[11111] 12 
[1211] 10 
[131] 9 
[122] 8 

(14] 8 
fl (11) 11] 8 

[1 (21) 1] 8 

[1 (11) 2] 6 
(1 (31)] 6 

fi (11) (11)] 4 

(1 (22)] 4 


General case 

One node 

A biplanar point of the first species 

Two nodes; the line joining them belongs to the 
surface 

A biplanar point of the second species 

Two nodes 

A biplanar point of the second species 

Three nodes 

A uniplanar point of the first species 

Two pairs of nodes 

Ruled surface with three double lines 


Surfaces with a double line and a cuspidal line. 


[122] 
[14] 
[T (11) 2] 
Ten) 
[T (11) (1) 
[I (22)] 


[1 (22)] 


mm B GO OS Cc 


ip 


General case 

The close-points coincide 

One node 

The preceding node lies on the cuspidal line 

Two nodes 

Ruled surface with two double lines and a 
cuspidal generator 

Ruled surface with two coincident directrices 
and a double generator 


6—2 
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Surfaces with two cuspidal lines. 


Class of the 
Index surface Character of the surface 
[1 (11) 2] 6 General case 
{1 (31)] 6 Particular case 
[I (11) (1) 4 One node 
Surfaces with a triple point through which two double lines pass. 
[2111] 10 General case; the tangent cone at the triple 
point consists of the plane of the double 
lines and a quadric cone 
[311] 9 The triple point is triplanar 
[221] 8 One node . 
[41] 8 The triple point is a special triplanar point 
[23] 7 A biplanar point of the first species 
[32] 7 One node; the triple point is triplanar 
[5] 7 The triple point is a special triplanar point 
[2 (11) 1] 6 Two nodes 
[2 (21)] 6 A biplanar point of the second species 
[3 (11)] 5 The triple point is triplanar; there are two 


nodes 


Surfaces with a triple point through which there pass a double 
line and a cuspidal line, or two cuspdal lines. 


[32]. is One double and one cuspidal line 
(5) 7 The close-point coincides with the triple point 
[3 (11)] 5 One node 
[3 (11)] 5 Two cuspidal lines 
Steiner’s surface. 
3 General case 
3 Two of the double lines coincide 
3 The three double lines coincide 
Surfaces with a bidouble line (containing two triple points 


distinct or coincident). 


(11) 111] 8° General case; the tangent cone at each triple 
point breaks up into a plane and a quadric 
cone 

[(21) 11] 8 The triple points coincide in a triplanar point 

((11) 21] 6 One node 

[(21) 2] 6 The triple points coincide; one node 
[(11) 3] 5 A biplanar point of the first species 
[(41)] 5 The double nodal plane of the triple point of the 
last case but one touches along a simple line 
[(11) (1}) 1] 4 Two nodes 
[(11) (21)] 4 A biplanar point of the first species 
[(21) (11)] 4 The two triple points coincide; two nodes 


53] AND ALSO ISOLATED NODES 85 


Surfaces with a cuspidal line of the second species. 
Class of the 


Index surface Character of the surface 
[(21) 2] 6 General case; the cuspidal line contains a triple 
point and a point of osculation of the two 
sheets 
[(41)] 5 The points just mentioned coincide in a triple 
triplanar point 
[(21) (11)] 4 One node 


Ruled surfaces with a triple line. 


[(22) 1] 4 General case (class III of Cremona) 
[(32)] 4 Ruled surface (special case of class X of Cremona) 


CHAPTER V 
THE CYCLIDE 


54. When the double conic is the section of a sphere by the 
plane at infinity we obtain the surface known as the cychde*. 
The equation of a cyclide in Cartesian coordinates is therefore 
S?+u=0; where S=0 represents a sphere, and u = 0 is a quadrie. 

Taking the centre of S as the origin and the axes in the 
directions of the principal axes of u, we obtain as the equation of 
the surface 


(P+y+2P+4+4(A,e4+ Any? + A,2?+2B,04+ 2B,y+ 2B,2+C)=0. 
As in Chapter III we may write this equation in the form 
(a? + y? + 2? — 20)? + 4 [(A, +A) a? + (AL +A) y+ (AZ 4A) 2 
+2B,2+2B,y + 2B,2+C0—r?} =0. 
The second member of the left side will be a cone, V=0, if its diseri- 


minant is zero: this condition may be written in either of the 
forms 


B} B? B? 
oQ)=0-M- (Gi +g tg) =o 
F(a) = (A, +A) (Ag+) (As +A) (C— 22) — {[B?2(A, +2) (A342) 
+B2(A,;+A)(A,+A)+B2(A, +A) (Ag+ r)} = 0. 
We thus obtain five values for ), giving five cones. If one such 


cone V be XY—L?=0, where L=0 is any plane through its 
vertex, the equation of the surface is 


(a? + y? + 279— Dyl4+ 4(XV— D)=0.........06. (1). 


As before (Chapter 111) any tangent plane of the cone meets 
the surface in two circles, and every circle on the surface lies in a 
tangent plane to one of the five cones. | 

* For an extensive discussion of this surface see the work by Darboux entitled 
Sur une classe remarquable de courbes et de surfaces quelconques. 


The intrinsic interest of this surface justifies a special discussion by use of 
Cartesian coordinates, showing the various real forms of the surface. 
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Again the sphere 
baci ge a? MDD We cesiee tices 0 050i (2) 


meets the surface in a pair of circles lying on X=0, Y=O re- 
spectively; the points of intersection of these circles being points 
of contact of the sphere and surface. Hence the surface is the 
envelope of these bitangent spheres. Moreover every bitangent 
sphere must arise in this manner; for if a7 +4°?+2=2(4+M) 
be a bitangent sphere it will meet the surface in a pair of circles 
and we may take the plane of one of them to be X =0, whence 
M=+(L+kX), ie. the surface may be written in the form 
(P+y+2—20)?+4(X VY’ — M’)=0. 
If L=ax+ By +-yz+ 4, the condition that £=0 passes through 
the vertex of V gives 
ay BB, Bs 
A,tr Az+~r Aga nr 
and this is the condition that this bitangent sphere should cut 
orthogonally the sphere whose equation is 
2B,a n 2 Bay 2B3z 


Ai+tnr ey Ae =a os Can 


o=0; 








aa ee + 
Again since 
(A, +2) a? + (A,+) y? + (A,+A) 2 
+ 2Bi0+2B,y +2By2+C-NVeEXY—-L, 
considering only terms of the second degree it follows that 
(A, +2) e+ (An+A)y?+ (Ast A) 22+ (ax + By + 2) 


must break up into linear factors, hence 


oO? - ao” 
ao ~ 
Ae eh Bee 

Hence the cyclide may be generated in five ways as the 
envelope of a sphere whose centre lies on one of five fixed quadrics 
Q,...Q; and which cuts a fixed sphere + orthogonally. 

The quadrics Q; are seen to be confocal. At each point of 
intersection of a quadric Q; with the corresponding sphere S; we 
have a bitangent sphere of zero radius; its centre is therefore a 
focus of the surface; hence arise five focal curves. 

* The cone V is the reciprocal of the asymptotic cone of this quadric. 


+ This sphere is one of the quadries H of Art. 31; its centre is the vertex of the 
cone V. 
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55. The five spheres 8, ... 8; are mutually orthogonal ; for the 
condition that any two of them, corresponding say to A, and A,, 
should be orthogonal is 


_ 2B 
(A+ A)(Ait+A2) (Ae + An) (Ae +2) 
2B? 


—______>____.. — 9, —2 ai0 ; 
TAA ede) ee 


which follows at once from the equation 


b (An) — f (Az) = 9. 
Consideration of the equation #’(A)=0 shows that it has in 
general at least three real roots; since, taking —A,, — A,, — A; as 
in ascending order of magnitude, there lie an odd number of roots 
in each of the three intervals 


—o...—A,, — A,...—Aaz, —A, . — Ag. 


Hence there are in general at least three real pairs S;, Q; and 
there may be five. 

Important relationships between the spheres S; and the 
quadrics Q; are the following: the centres of any four of the spheres 
form a self-polar tetrahedron for the remaining sphere and for 
its corresponding quadric. For expressing that the spheres 
corresponding to A, and A, are orthogonal we obtain an equation 
similar to the last; subtraction, and division by A, — A; gives us 

B;? Be 
(A+) (Ai +a) (A, $M) | (As +a) (Aa + a) (Aa +) 
Be 
* GS) (Ast a) (Aa + As) 
which is the condition that the centre of the sphere S, should lie 
in the plane 


Bia 4. Boy e Bz 
(A,+A,)(A,; +2) (A, Tee he) (Aga) (Ase Me) 


But the last equation represents the polar plane of the centre of 
S, with regard to Q,. Similarly this plane passes through the 
centres of S, and S,; and the centres of S,....S8, form a self-polar 
tetrahedron with regard to Q). 

Again representing any one of the spheres S; by the equation 


ay + 22+ Wa t+ 2oiy + 2hiz+e;=0, 


+1=0, 
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we derive, from the fact that the spheres are mutually orthogonal, 
the equations 





Safst G29sthehs = at, 
fat 9292+ Inhy= 25", 


hence So (fi Ss) + G2 (Gi — Gs) + haa — hs) = 4 
which is the condition that the polar plane of the centre of S, for 
S,, Le. 


—f,( +f) -—gs(ytn)—hs(e@th)+fetnythz+a=0 


or (fifi) @+ Gi — gH) y+ (a-ha) 2 + 5 = 0, 


should pass through the centre of 8). 

Similarly this plane passes through the centres of S,; and S,. 
Thus the tetrahedron formed by the centres of S,...S,; is self- 
polar for 8,. 





56. Inverse points on the surface. 


It is obvious from the form of its equation that the cyclide 1s 
inverted from any general point into another cyclide. If the centre 
of inversion be the centre of one of the principal spheres 4;, 
then since the surface is the envelope of spheres which cut S; 
orthogonally, it is clear that the bitangent spheres are inverted 
into themselves (if the constant of inversion be the radius of Sj). 
Hence it follows that the two points of contact of a bitangent 
sphere of this system are collinear with the centre of S;, and the 
surface is inverted into itself. This can also be seen as follows: 
the centres of the bitangent spheres in the neighbourhood of a 
point P of the quadric Q; lie in the plane w tangent to Q; at P, 
and these spheres all pass through the same two points M, M’ of 
the cyclide; since S; cuts all these spheres orthogonally its centre 
O must be collinear with M and M’, and the line OM’ is per- 
pendicular to the plane of their centres, 1.e. 7, and 

OM . OM’ = R?, 
if R; is the radius of S;. 

Thus M and M’ are inverse points on the surface. 

Again, all the spheres whose centres lie in 7 and which cut 
the sphere S; orthogonally, will also cut orthogonally every sphere 
through the intersection of S; and 7, and in particular the two 
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point-spheres which pass through the intersection of S; and 7. 
The centres of these point-spheres are therefore the points M and 
M’. Hence the surface may be defined as the locus of the limiting 
points determined by S; and the tangent planes to Q,. 

The points of Q; which give rise to real points of the cyclide 
are therefore those the tangent planes at which do not meet S; in 
real points. Taking the tangent planes common to S; and Q; we 
have a curve or curves determined on Q, defining the region on Q; 
which gives rise to real points of the cyclide. 


Bitangent spheres whose centres lie on the same generator of a 
principal quadrie. 

The spheres which cut S; orthogonally and whose centres lie 
on a line p, a generator of Q;, will pass through the points of 
contact P, P’ of the tangent planes to S; through p; hence if C 
is the point of intersection of p and a plane through the centre O 
of S; perpendicular to p, each of these spheres will pass through 
the circle whose centre is C and radius CP (or CP’). The circle 
lies on the cyclide; for considering all the planes through p, the 
limiting points 1, M’ which arise in connection with S;, lie in the 
plane of this circle, also CM = CM’ = CP = CP’. 

Hence real circles arise from those generators of Q; which do 
not meet S; in real points. 

Taking all the planes through O perpendicular to each generator of the 
system to which p belongs we obtain oo! sections of the cyclide consisting of 
two circles. 

Conversely all the spheres which meet the cyclide in the same 
real circle will meet it again in circles and will be bitangent 
spheres ; since their centres lie on the same real line, the quadric 
to which they belong must be a hyperboloid of one sheet; hence 
this type of quadric alone will give rise to real circles on bitangent 
spheres. We observe that of the three real quadrics Q; which in 
all cases exist, one is an ellipsoid, one a hyperboloid of one sheet 
and one a hyperboloid of two sheets, corresponding respectively to 
the three real values of ) mentioned in Art. 54. 


57. Roots of fundamental quintic. Focal curves. 


It has already been seen (Art. 55) that in the general case in 
which F(A) =0 does not possess equal roots, it has an odd 
number of real roots in each of the intervals 


—o...—A), — A, wo. ~ Ao, — Ages. — Ay 
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where we suppose — A,, — A,, — A; arranged in ascending algebraic 
order of magnitude. 

If three roots only are real then two are conjugate imaginary; 
it may be shown that any two corresponding real surfaces S;, Q; 
meet each other in a curve consisting of one portion only; for 
since three centres of spheres S; are real and two conjugate 
imaginary, we may in three ways select a real pair S;, Q; so that 
their self-polar tetrahedron has two vertices real and two conjugate 
imaginary. If S;, Q; form such a pair, it may easily be seen that 
two of the four cones passing through their curve of intersection 
have equations of the form 


2+ p (x3 — 22) + 2qa,n, = 0, 
Ho? +  (x3* — v7) + 2q'a30, = 0. 
Each generator of the first cone meets this curve in two points, 


which coincide if 
= . p (ae — x42) + 29x37, = 0. 
If the two real planes thus determined be x,=4,2;, ,= Qa, where 


a4, = — 1, substituting in the first equation we have four solutions, 
- viz. those given by 


an? + 22 {p (1 — a”) + 2q2,} = 0, 

and by ' gP+ ae {p (1 — 07) + 2qa.} = 0, 

1.e. by x? — a {p (1 — a”) + 2ga,} = 0. 
1 


Hence we have two real solutions only, i.e. there are only two 
real tangents to the curve of intersection from the vertex of either 
cone on which it lies. Hence the curve consists of one portion only. 
In the case therefore m which only three roots of # (X) =0 are real 
three focal curves are real and consist 1n each case of only one portion. 

If five roots of #’(\) = 0 are real, any pair S;, Q; have a real 
self-polar tetrahedron; by the method immediately preceding it 
can be at once seen that their intersection is either imaginary or 
consists of two detached portions. Two focal curves are real *. 


58. Different forms of the cyclide. 


It was seen (Art. 54) that there is always one real pair of surfaces 
S;, Q; consisting of a sphere and an ellipsoid. It will now be 
shown that if this sphere and ellipsoid have no real intersections 


* See Art. 63. 
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the cyclide consists of two ovals, one within the other. For since 
the points of the surface are the limiting points of S; and the 
tangent planes to Q; (Art. 56), if S; lies wholly within Q; we 
obtain two sets of points M, M’ one within S; and the other 
without Q;, each set forming an oval surface. 

When S; lies wholly without Q; let o, be the curve along which 
the transverse common tangent planes of S; and Q; touch Q;, and 
o, the corresponding curve for direct common tangent planes ; 
then the region between o, and a, gives rise to no real points of 
the cyclide; the region enclosed by oc, gives rise to an oval which 
cuts S; orthogonally, the region enclosed by o, gives rise to an 
oval cutting S; orthogonally and enclosing the first oval, since the 
tangent planes in the case of o, are more remote from S; than 
those for o,, so that if a line through O meets the surface in the 
pairs of points M,, M,; M,, MM,’ it is seen that M, is nearer O 
than either J, or M,’, and M,’ is more distant from O than either 
M, or M,’. Hence one oval encloses the other. 

If the focal curve (S;, Q;) is real and consists of two portions 
01, G2, the portion of Q; included within 8; may consist of one 
connected portion (as in the case of a sphere meeting a spheroid 
whose axis of revolution is its greater axis), the portions of Q; 
giving rise to real points of the cyclide are entirely separated, and 
it consists of two separated ovals (each meeting S; orthogonally) ; 
or the portion of Q; within S; may consist of two separate portions 
(as in the case of a sphere meeting a spheroid whose axis of 
revolution is its minor axis); here the portion of Q; giving rise to 
real points of the cyclide is one connected region; the cyclide 
consists of a tubular surface similar to an anchor-ring or tore. 
Finally, if the focal curve (S;, Q;) consists of one portion only, we 
have one oval cutting S; orthogonally. 


59. Equal roots of the fundamental quintic. 


If (A + A,)? isa root of F(A), then V (Art. 54) is a pair of planes ; 
for if the A; are all unequal, then we must have 


B= Q, A,— A, 0 B, = (), 
0 A,— A, DB 
B, B, C— AY 


which makes V a pair of planes when X + A, =0. 
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The equation of the surface 1s S?+a8=0; inverting from one 
of the points (S, a, 8) we obtain a cone K; three sets of bitangent 
spheres of the surface are therefore the inverses of spheres passing 
through a pair of circular sections of K. 

Again, if A,=A,, thenif (1+ A,) 1s a factor of F(A), we must 
have B+ B=0, 1e. B,=B,=0 in a real cyclide, and the surface . 
has an equation of the form 


S? + aa’ = 0, 


where a and @’ are parallel planes. 

The co? spheres S+Aa-+ ya’ =0 meet the surface in pairs of 
circles. These spheres consist of all spheres having their centres on 
a given line. The surface has also three sets of bitangent spheres. 

When A, = A,=4;, the equation of the surface may be written 


S?+ ka =0. 


The ? spheres S=Xa + pw, which are all spheres having their 
centres on a given line, meet the surface in pairs of circles. 

In each of these cases, therefore, one of the five cones V is a 
pair of planes*. 

In a real cyclide only one of the principal spheres can be a point- 
sphere. For it has been seen (Art. 55) that if the A; are unequal 
there lie an odd number of roots of #’(A)=0 in each of the three 
intervals 


—0o...—A,, —A,...—A,, —A,...— As. 


Hence coincidence of roots of #’(A) = 0 can only occur once. 

Again, if two of the A; are equal, say A, = Az, then, excluding 
the case which has been already considered in which (A + A,)* is a 
factor of F(A), we have 


F(A) = (1+ A,) (A), 


where (A) is seen as before to have an odd number of real roots 
in each of two intervals. It therefore follows that #’ (AX) may have 
one double root or one triple root; in each of these cases the 
remaining roots are real. 


If R; be the radius of the principal sphere §;;, 


ie Be B? 


i OMe a Cleky aay 


* The surface is of the type [(11) 111], see Art. 67. 
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and since F(X) does not possess (A + A;)? as a factor, a principal 
point-sphere will arise from equal roots of F(A), which, it has 
been seen, can occur for only one value of 2. 

In all cases, therefore, a real cyclide can have only one principal 
point-sphere ; the case in which one of the cones V is a pair of 
planes will be discussed later (Arts. 66, 67). 


60. Power of two spheres. 


If S,=0, ...S;=90 are any five spheres, the system of five 

equations 

e+ y? + 2724+ 2faw + 2g, yw + 2hzw+c¢,w? = pS, 

e+ y+ 22+ 2f,cw + 2gsyw + 2hszw + c,w? = pSs, 
wherein w= 1, enables us to solve for 27+ y?+ 2, zw, yw, zw, w? in 
terms of S,....S;; this gives rise to a quadratic identity between 
the quantities S,...S;. These five quantities may be employed as 
coordinates to determine the position of a point, a homogeneous 
quadratic relationship existing between the coordinates. These 
coordinates are known as the pentaspherical coordinates of a 
point. The nature of this quadratic relationship can be most 
readily determined from considerations relating to the mutual 
power of two spheres. If two spheres of radii 7,, r. cut one 
another at an angle @, we have 


2rir, cos 8 = r+ 72 — (fi —fr)*?— (91 — 92)? — (a — he? 
= 2A fot 29192 + Zhyhy — C — Ce. 
The right-hand side of these equations is real for real spheres 
whether their intersection be real or otherwise; taken negatively 
it is known as the mutual power, 7», of the two spheres, thus 


Tie = Cy + Cz — 2fi fo— 291 g2— Zhyhs. 
Forming the product of the two determinants* 


O Lb 2, 2 2h, « 0 ¢ -ff -G —h, 1 
0 1 2 2 2h, & 0 c, —fs —9s —hs 1 
O 1 2 29g, 2hs ¢; 0 o@ —-fp —g9 —h, 1 
0 1 2, 29, 2h « 0 t= to —Go —hw 1 ; 
O 1 Qf, 2g Shp *; 0 cy —fr -—Gu —hy 1 
O 1 2fe 2G, Zhe © 0 Ge —fie —Jn —hy 1 


* Lachlan, On systems of circles and spheres, Roy. Soc. Trans. (1886). 
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we obtain 
71,7, Wig Wi,9 MW,10 M1, 1,12 


We,7 Tee Weg We10 Wei We,1 


Ts, 7; 3,8 e e e e = 0. 


76,7 We, . : ° 776, 12 

This equation may be denoted by 7 (; ‘7 om == Q. 

Now, denoting the spheres S, and S, by 2 and y, and supposing 
that the spheres S,... S, are respectively identical with the spheres 
Sg... Siz, we have on slightly altering the notation 

(* | 5) = 
ert...) 
which, expanded, is equivalent to 
Wey Wy} ++. Was 


Ty) 7741 +++ Wis 


ys TT15 e+e Wye 
If we now suppose S, = 8,, we obtain the relationship existing 


between the powers of any sphere S, with regard to five fixed 
spheres, viz. 


- 


— 2? Tx} ‘ : : TT x5 
71 —2r? Ti 
ie? 
Ty 2r, 4 . ia (2) 
—2r¢ 
Tees ; ; : —2rZ 


If this equation is such that 7, occurs only in the term involving 
Wx’, the sphere S, cuts S,...8, orthogonally ; for the coefficients of 


WW, +++ Wei Tes All involve wy, ... 75 linearly and homogeneously, 
hence if they all vanish we have either 


TW. = M3 = Wy = Ts = O, 
or Ton Teg Wo Woes 
T93 
Tos 


7 95 
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But the last condition cannot be fulfilled since the determinant 
on the left side is equal to the coefficient of 7,7, taken negatively, 
and this is by hypothesis not zero. 


If the sphere 8, is a point-sphere, its powers with respect to the 
spheres S, ... 8, are obtained by substituting the coordinates of its 
centre (x, y, 2) in the expressions S,...S;; hence we obtain the 
required identical relation between any five spheres S,=0,... S, = 0, 
which is therefore 


0 S&S, — o- Ss 
S, —2r? re Tis 
TW, ~2r? 
_ ore = (), 
, , ; —2r2 , 
S; : : : — 2r2 


It follows, as in the case just above, that 1f S; occurs only in the 
form S?, the sphere S; cuts orthogonally the remaining four spheres. 
If all the quantities 7, (7 #7) vanish, the identical relation becomes 


3 (=) =0, 


1 TG 
and the five spheres are mutually orthogonal. 
By virtue of this equation, the equation of the sphere S, (say) 


may be written in the form 


G8). (B-8) (BoB), (BB) 


9 Ts Ys Ts 


This shows that the planes of intersection of S, with S,, 8;, S, 
and S, form a self-polar tetrahedron for S,. Now the radical plane 
of S, and S, contains the centres of S,;, S,and S,, and so on; hence 
we again obtain the result of Art. 55 that the centres of any four 
spheres form a self-polar tetrahedron for the fifth sphere. 


We observe that if four of the spheres S;, supposed mutually orthogonal, 
are real, the fifth sphere is also rea] but the square of its radius is negative. 


Also we see that on inverting from any point not upon one of the spheres 
S;, the form of the relationship is not altered, since 
By Se 


Y% aye 
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But if the centre of inversion be a point of intersection of three spheres 
S}, Sg, 83, they are inverted into three planes which we may take to be 


coordinate planes, and since Ste 2kx, etc., we obtain the identity 
i 


24 52 Pre 24 924 p22 
Akt (att yt4ot) {2 tY FEED aera ae ieee +i) ae 0; 


where #? and — #? are the squares of the radii of the spheres into which S, 
and S; are inverted. 

When the identical relation has the form 

AS,S, + BS? + CS2+ DS? = 0 

it follows from the preceding case that r,; =r, = 0, hence S, and S, 
are point-spheres whose centres are the intersections of the spheres 
S,, S, and S;. 

When the relation is 

AS,S, + BS,S,+ CS? = 0 

S, and S, are point-spheres, and also S, and S,. The centres of one 
pair of point-spheres lie on the intersections of the other pair; 
hence one pair is real, the other is conjugate imaginary; the 
centres of all four point-spheres lie on S§;. 


61. Sphere referred to five orthogonal spheres. 
The equation of any sphere S may be expressed in terms of 
any five mutually orthogonal spheres, thus if 


Seaty?+ 2+ 2fe+29y+c=0, 
| 5 
and also if S=2a,8;; then, denoting by 7, the power of S with 
1 


regard to the sphere S;, we have 


é S 
ge ah Preenar= If, raf + 2gi%ag + 2h;ydah _ ha Zao. 
i xa za 
hence, from the fact “i S,... 8; are mutually orthogonal 
=a sf +92 + he o) = “SE. 
Hence Te,= puri, COs Ob; = cA;7;. 


Introducing into equation (1) the angles 6;, ¢; at which two spheres 
intersect any five spheres S,...S;, then if y be the angle at which the two 
spheres intersect, we obtain 


COSY COS Oy .....40.. cos 6; 
cos dy 1 cos 12 oo... 36 
COB DH cesscsenccacvestss 0 1 


J. Q. S. 7 
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If the spheres S| ... S; are mutually orthogonal this reduces to 
cos y=2 cos 8; cos ¢;. 
If the two spheres are identical we obtain > cos? 6;=1; if they are 2a;S:=0, 
5,8/=0, and cut orthogonally we have from above Sa, b;rZ=0. 
If S is orthogonal to one sphere of the orthogonal system 


4 
8, ...8;, say to S;, the equation of S is Sa;S;=0. In this case 


1 
the volume of the tetrahedron whose base is the triangle formed 
by the centres of S,, 8;, S, and whose vertex is the centre of S, is 


4 4. 4 4 
Xa; Si 2a; gi La;h; Xa; 
1 1 1 1 





h Gime 

— fe gi & 4).5- 2/6 eee 
Ts 9s hs 1 isi i @W Es 

It Is hg 1 ts 9s ly 1 


Hence if &,... & are the tetrahedral coordinates of the centre 
of S with regard to the tetrahedron formed by the centres of 
S,...S,, we have that &;< a. 


5 ; 5 a9." 5 
When the sphere 2a;S;=0 is a point-sphere, we have = ae = 4r23 cos? 6,, 
: 1 1 1 
; 5 
which is zero since = cos*6;=1 and r=0. In this case 3a,27,2=0, so that if 
; 1 


; 5 
uy= * , the equation of a point-sphere is aati 0, with the condition Sa;2?=0. 


62. Pentaspherical coordinates. 


It has been seen (Art. 60) that the quantities 2+ y?+ 2, a, y, 2 
and unity which occur in the equation of any cyclide may be replaced 
by linear functions of S,...8;; the equation of the cyclide then 
appears as a quadratic in the S; which are themselves connected by a 


* cy . . * S; 
quadratic identity. The quantities Za , or x;, are termed the penta- 
i 


spherical coordinates of a point. 
If the equation of the surface expressed in pentaspherical 
coordinates contains only four of the variables, say 2, ... ,, so that 


4 
its equation is Xay0;x, = 0, the surface is clearly the envelope of 
1 


4 
the sphere }a;2;=0, where the coefficients a; are subject to the 
1 
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4 
condition 2A;,a;a,=0. Since by the last article the a; are the 
1 


coordinates of the centre of this sphere, we obtain the cyclide as 
the envelope of a sphere which cuts a fixed sphere orthogonally and 
whose centre lies on a quadric. 


63. Canonical forms of the equation of the cyclide. 


The equation of the cyclide being quadratic in five variables 
#,...% ; which are themselves connected by an identical equation ; 
we may use the method of Elementary Factors* to obtain the 
various types of canonical forms of the cyclide. 

Denoting by ®=0 the equation of the cyclide and by O=0 
the identical relation connecting the coordinates, we obtain by 
this method seven types, viz. 


[11111], [2111], [811], [221], [41], [32], [5]; 


each type giving rise to sub-types. It will also be seen that only 
the first three forms relate to real cyclides. 
Writing these forms at length, we obtain by the usual method 


(11111) i = Ny By t Age? + Agay? + ALPE + A5Z2, 


Q = e2 + 02 + ve + 02 + x52. 

= 2A Hq + Uy? + Age? + Ago + ASH’, 
” 22, Hy + Ue? + 02 + 22. 
D = A, (24,5 + Hq") + ZH, Me + AyHE + AsH5%, 
[311] 
Q, = 2a, a, + 02 + 02 + 2,2. 


[2111] 


cap) = DAO, Be + ey + Degg, -+- ee + Ass", 
Q) = 2a, 2 + 2x,H, + 25". 
=2nr, (2,24 + Ly 2g) + 22s + ty ate Ass", 
i. 2 (2%, + L_X3) + 25". 


[221] |, 


[41] 


[32] D = dD, (24, x3 + 2,7) + 2H, %, + ZAyH, Hs + 22, 
QC) = 2a, 3 + Lo? + 2x, Hs. 
[5] D = dr (2a, H5 + 2%yHy + 45") + 20,L, + 22 Hz, 
“4 10 = Qaa, + Ya.0, + 22. 
We now pass to consideration of the type [11111]; the form 
of shows that here the coordinate spheres form an orthogonal 
* For discussion of the method see Bromwich, Quadratic forms and their 


classification by means of invariant factors (Cambridge Tracts), or the Author’s 
Treatise on the Line Complex. See also Bécher’s Potential Theorie. 


7—2 
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system: eliminating one of the variables, say x,, we obtain an 
equation of the form 





3 Gout) ree0 (1). 
The surface is therefore the envelope of the spheres 
Saja; = 
subject to the condition ; | 
ae ee (2), 


The generating sphere 1s orthogonal to z,=0; and since the a; 
are the coordinates of its centre for the tetrahedron formed by the 
centres of S,...S, (Art. 61), the equation (2) represents the 
quadric Q,. 

We obtain similarly the other four sets of generating bitangent 
spheres. Moreover, assuming the cyclide to be real, and since it 
was seen (Art. 54) that the only bitangent spheres are those 
arising from a pair S;, Q; of this cyclide, it follows that the spheres 

=0 can be no other than the spheres S; which a real cyclide 
possesses. Hence it follows that of these spheres at least three are 
real, while two may be either real or conjugate imaginary; so that 
this applies to the variables z;; and if e.g. x, and #, are conjugate 
imaginary, so also are A, and A;; 1f all the x; are real, so also are 
the r,. 
The five focal curves are determined by the equations 





a eo 
i = VU, a? = ; 
1 A—As 1 


together with four other similar pairs of equations. 


It was seen (Art. 57) that if two of the principal spheres are conjugate 
imaginary three of the focal curves are real and consist of one portion. 
Consider now the case iu which all the principal spheres x; are real and let 
%5=0 be that sphere the square of whose radius 1s negative, so that a;...a, are 
real and as=@575 18 imaginary. One of the focal curves is then given by 
ay” as” 


a, een 


ao? as” 


va hk 


= 0, 


5 
Sa;? = 0. 
2 


This curve is then real or imaginary according as the cone 
PAa— Ag oS As g Aa ‘Ag 
Bey, 8 ae ee 

does or does not contain real points apart from its vertex. 
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We obtain in this way criteria for the reality or otherwise of four focal 
curves ; the fifth, which lies upon 


za;?=0, 
1 
is of course imaginary. 


To discriminate in the four cases we may suppose the quantities A, ... Ay to 
be in algebraic order of magnitude and moreover we have as a condition 
of reality of the surface that the quantities 

Ay—As, Ag—As, Ag—As, Ag—Azs 
cannot all have the same sign. We may take A; equal to unity, in which case 
d; — As must be positive, and then the three possible distributions of signs to 
i — Wie 1, yd Bie 
a —~ e e | — e 
Inserting these signs in the equations of the four cones obtained as above it 
is seen that in all cases two of them are real and two are imaginary. 


64. Form of the cyclide. 


In the case in which the variables are all real, «, being that 
principal sphere the square of whose radius is negative, the 
equation of the surface is 


4 
zB (A; = Ns) ae = (, 
il 


If we invert the surface from one point of intersection of the 
spheres 2, #, 2; and take as new coordinate planes those into 


which these spheres are inverted, the equation of the new surface 
is (Art. 60) 
A (Ay — Az) 2? + 4 (Ag — As) Y? +- 4 (A; — Ns) Zz? 
Mn» 
+ ( pa 5) (22+ y? ae KR}? = 0, 
or V+(,—A;)S?=0. 


We may assume A,—A, to be positive; different forms of the 
surface will then arise according as one, two, or three of the remaining 
coefficients are negative. 

If one of them is negative then every line through the origin 
and within the cone V meets the surface in four real points; hence 
the surface consists of two ovals, one within each portion of V. If 
two of them are negative, then every line through the origin and 
without the cone V meets the surface in four real points; the 
surface is ring-shaped. If all are negative, then every line 
through the origin meets the surface in four real points; hence 
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the surface consists of two ovals, one within the other, and each 
surrounding the origin. 

Hence the form of the original surface is also determined in 
this manner by the signs of the quantities 4;— A;._ When all the 
variables are real, the inverted surface is seen to be derived from 
the general cyclide by taking B,, B, and B; all zero and C positive 
(Art. 54). This is one form of cyclide with three planes of symmetry. 

The other form in which C is negative corresponds to the case 
when two of the variables are imaginary; for in this case we have 


ay? + ef + : x? =0, 
in which we may take : 
a= & + v&,, Ly = g, —v& ; 
substituting these values for a, and a, the identical relation 
assumes the form 


HG FEE, —£) + Saf = 0. 


Hence £,+ & and &-— &, are point-spheres. 
If we make the same substitution in the equation of the 
cyclide, it assumes the form (in which only real quantities occur), 


A (Et— £2) + 4B Eft = dr? = 0, 
that is F 
A (EP — Ect) + BE + &) — (Es — Bay} + = isa? = 0. 


Inverting from an intersection of the spheres a3, a4, Xs, 1.€. 
from the centre of one of the point-spheres £,+ &, &—&, the 
equation of the inverse surface is seen to be of the form 


(+ yt2yPt (Agt xe) at(Ayt x) y? + (A+ x) 2? — m= 0, 
In this case every line through the origin meets the surface in 
two real and in two imaginary points. 


65. The type [2111]. 


The equations determining the second type show that it 
represents a cyclide which can be generated in four ways; viz. in 
three ways by bitangent spheres orthogonal to three given spheres 
respectively, and once by a sphere passing through a given point, 
which is one of the intersections of the spheres a3, a, and ay. 
Two of the principal spheres, S, and S, of the general case, here 
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come into coincidence with the point-sphere a,. It follows from 
Art. 59 that the principal spheres are all real. 


That this is a degenerate case of the general case may be seen as follows: 
let us change the notation and write 


5 5 
Q= La,;x72, o= ZA,a, 2, 
1 1 
and let A»=A, +e, Ze= 2, ter, where e€ is small. 
5 
Then Q= (a + 2) 2? + 2a EX) to +24; ae, 
3 


P=D)y (44+ Gq) Hy? + Age (41? + QA X49’) + Sai : 
If we now assume that 
Q@+a,=0, dee=1, A3=a,=a;=1, 
we obtain the second type. See Bécher, Potential Theorie. 


The surface has a node, the centre of the point-sphere 2. 
If we invert the surface from this node, we obtain the quadric 
(As — Ay) B+ (Ag — Ay) Y? + (As — Ay) A+ A? = O. 

Hence, if the node 1s isolated the surface is the inverse of an 
ellipsoid ; otherwise it will be ring-shaped if it is the inverse of 
a hyperboloid of one sheet; it will consist of two sheets united at 
the node if it 1s the inverse of a hyperboloid of two sheets. 

That the cyclide is the inverse of a quadric when one of the 
principal spheres reduces to a point, may also be seen as follows: 
if Q is the quadric associated with the point-sphere O, the surface 
is the envelope of spheres passing through O and having their 
centres on Q; all the spheres whose centres are consecutive to any 
point P of @ will pass through the point O’ which is the image 
of O for the tangent plane of @ at P. Hence the surface is similar 
to the pedal surface of Q for O, and is therefore similar to the 
inverse of the reciprocal polar of Q for O. 


66. The type [311]. 

The equations connected with this type of cyclide show that 
it 1s generated in three ways; twice as the envelope of a sphere 
cutting orthogonally two given spheres respectively ; and once as 
the envelope of a sphere passing through a given point; the 
spheres 2,, «, of the general case come into coincidence with the 
point-sphere ;. 

The equation of the surface being 

(Ag — Ay) 2 + (As — A) BF + 22,2, = 0, 


104 THE CYCLIDE [CH. V 


the centre of the point-sphere a, is seen to be a node, and since 
the spheres x, £,, 2; pass through this point and cut orthogonally, 
the tangent cone of the cyclide at the point consists of two planes. 

Inverting the surface from the node, we obtain as the inverse 
surface, the paraboloid 

(Az — Ar) 2? + (Ag — a) + 2hz =0; 
which is elliptic or hyperbolic according as the biplanar node has 
imaginary or real tangent planes. 

The four remaining types give rise to cyclides which are 
imaginary ; for the quintic #’(A)=0 may have either one double 
root or one triple root, but no other coincidence of roots can occur 
in a real cyclide (Art. 59)*. 


67. The sub-type [(11) 111]. 

The sub-types arising from the above three chief types, as for 
instance [(11) 111], are such that the equation of the surface can 
be expressed in terms of only three variables ; thus [(11) 111] has 
an equation of the form 

Axe + Ba? + Ca? = 0. 

The common characteristic of all the sub-types 1s that one of 
the five cones V should be a pair of planes, real or imaginary. 
For, if in the equation 

(af S, S,, 8, = 0, 
we substitute S,=a,S,+a, S,=a,S,+ 8, where a and # are 
linear in the coordinates, we obtain an equation of the form 


(Si + 7? = (b04, 8); 
y being linear in the variables. 

The surface [(11) 111] has two nodes which may be either real 
or imaginary. If the nodes are real, on inverting the surface from 
one of them we obtain a quadric cone. 

The cyclide Av?+ BaZ+Ce2Z=0 is the envelope of the 
spheres 4323+ @,%, + 47; =0, subject to the condition 

2 2 2 
ME EE TO cecseccsnecsseeenneeene (1). 

The contact of these spheres and their envelope occurs along 

a circle instead of at two points. 


* The cyclide S?=a8 (Art. 59) is always expressible in the form (S, , S,, Ss{a)?=0, 
where S,, S2, S, are three mutually orthogonal spheres ; hence it cannot belong to 
one of the types [221], [41], [32], [5]. 
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These spheres cut both 2, and a orthogonally, hence they pass 
through the two limiting points of x,, z,, so that their centres lie in 
a plane ; since they also lie on the cone (1) they he on aconic. This 
surface 1s therefore the envelope of a sphere which passes through a 
fixed point and whose centre les on a conic. 

Two systems of bitangent spheres coincide with this system, 
the other three, which may be called the proper systems, remaining 
as before. They are obtained by writing the equation of the 
cyclide in the form 

(B-—A)a2Z+(C— A) af—A (a, + a7) =0, 
showing that the surface is the envelope of the spheres 
Ay Ly + AgLe + 4%, + As Xs = O, 
subject to the condition 
a? a2 a2 Os? 


Now in the preceding equation (1) we may assume 
a? +a? + a7 = 1, 
hence it 1s equivalent to 
2 B-A 2 C-A = 
B C 
Also in equation (2) we may assume that 
O2+ a2 + a2 + a2 = 1; 
hence it is equivalent to 





A, + a; 


B C 
(So te aia Ss Sieratecnreeir Sys: sais (4). 





These equations (3) and (4) hold respectively for generating 
spheres of the special system and a proper system. 

Now take two fixed generating spheres of the special system 
whose coordinates are (0,0, v,, 2, W:), (0, 0, v2, 22, We), and a variable 
sphere of the system to which (4) relates whose coordinates are 
(x, y, 0, z, w); then if ¢,, ¢, respectively are the angles at which 
the variable sphere cuts the fixed spheres, we have (Art. 61) 

COS @, = 22, + WU, 


ae e: ee C »/ ae 
Vo ee NO AN oO 


COS Po = 22, + WWe 


= B a oN 
Be ree ee VOSA NY OC 
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Hence by virtue of equations (3) and (4) we may take ¢, and 
g, to be the angles which a variable line makes with two fixed 
lines in its plane; hence 
g, + d, = constant. 
Therefore the sum or difference of the angles which a variable 
sphere of one of the three proper systems makes with two fixed 
spheres of the special system is a constant. 


The corresponding result for the general cyclide is the following: the 
angles which any generating sphere of one set makes with three fixed 
generating spheres of another set, are equal to the angles which a variable 
line makes with three fixed lines. 


68. Dupin’s cyclide. 

The surface [(11)(11)1] 1s known as Dupin’s cyclide; its 
equation takes either of the forms 

(Ay — Ag) (2? + 97) + (As — Az) 25? = 0, 
(As — Ay) (a5? + 02) + (As — Ay) @,7 = 0. 

It has four nodes, of which at least two are conjugate 
imaginary, since at least two lie upon that sphere the square of 
whose radius is negative. 

Inverting from a node (supposed real) we obtain a cone of 
revolution. 

The spheres which touch the surface along circles form two 
systems, one of the systems is given by the equations 
a," + as as 


yo 


5 3 
> a2; = 0, Laf=1, 
3 3 





hence a, is constant and equal to, / ae so that these spheres 
5 

cut the sphere a, at a constant angle. If they he within 2g;, a, is 
positive and greater than unity, say equal to sec 8; the spheres 
will therefore touch each of the fixed spheres (sin 8, 0, 0, 0, cos 8), 
(0, sin 8, 0, 0, cos 8). Hence Dupin’s cyclide is the envelope of 
spheres having their centres on a fixed plane and touching each 
of two fixed spheres. The fixed spheres are not unique, since 
they are any two of the singly infinite set (.4,, A, 0, 0, cos 8) where 
A,?+ A,?=sin?@; whose centres lie in the radical plane of a, 
and 2. ; 

We obtain the same cyclide as the envelope of spheres cutting 
x, and x, orthogonally; they have their centres on a second conic 
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whose plane is perpendicular to the line joining the centres of 
x, and a,. Since the join of the centres of x, and 2, is perpen- 
dicular to the join of the centres of x, and a, these two conics lie 
in perpendicular planes. These spheres form the previous set 
(A,, Ay, 0, 0, cos 8); for they are a,2,+ a2, +0,2;= 0, with the 
condition 
a? + a2 = a? (== — 1) 2a? tan. 
Ns ~ 

This cyclide was originally defined as the envelope of a sphere touching 
three fixed spheres, but such spheres form four distinct sets, each set 
enveloping a cyclide. 


The equation of the tore or anchor-ring is 
{x Ju y+ 2+ ct a7}? = 4c? (2? a ary, 
where ¢ is the distance of the centre of the revolving circle from 
the axis of revolution, and a its radius; inverting from any point 
we obtain | 
ae + A (x2 + x7) = 0. 

If cis greater than a, then 2; is a sphere the square of whose 
radius is negative and the cyclide is a Dupin’s cyclide with no 
real nodes; if c is less than a we then obtain a Dupin’s cyclide 
two of whose nodes are real. 


69. We add a list of the various distinct real types of cyclide; 
the remaining forms consist merely of pairs of spheres, etc. 
Inverse surface Nodes 
[11111] General cyclide: 
Surface either has Cyclide with three 
two sheets or is planes of symmetry 
ring-shaped (constant term posi- 
tive) 
Surface has one Cyclide with three 
sheet plaues of symmetry 
(constant term ne- 
gative) 
((11) 111] Cone 2 
{(11) (11) 1] Cone of revolution 4 (two imaginary) 
[2111] Ellipsoid 1 (isolated) 
Hyperboloid of one 1 
sheet 
Hyperboloid of two 1 
sheets 
{2 (11) 1] Ellipsoid or hyperbo- 3 (two imaginary) 
loid of revolution 
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Inverse surface Nodes 
[(21) 11] Elliptic or hyperbolic cylinder 1 
[(21) (11)] Circular cylinder 3 (two Imaginary) 
[311] Paraboloid 1 (biplanar) 
[3 (11)] Paraboloid of revolution 3 (two imaginary) 
{(31) 1] Parabolic cylinder 1 (uniplanar) 


70. Tangent spheres of the cyclide. 
5 

The equation >(a;+ 2) 2;y;=0, where the 2; are the coordi- 
1 


5 
nates of a point of the cyclide = a;x7 = 0, represents the 0} tangent 
1 


- spheres of the cyclide at the point 2;. 
Hence* if 2 m;y; = 0 is a tangent sphere of the cyclide, we have 


m? m; 

Eliminating between these equations, we have the relation 

fulfilled by the coordinates m; of a tangent sphere of the cyclide. 
it 0 should have 

az:+HXr 

a double root. The equation being of the fourth degree in A its 

discriminant will be of the twelfth order in the m,. 

Let (m)=0 represent this equation, m;+ pm,’ represents the 
co! spheres passing through the intersection of any two spheres 
m; and m;, and we obtain those spheres which touch the cyclide 
by means of the equation 


vv (m + 2 m’) = 0, 
which is of the twelfth degree in p. Hence through any given 


circle twelve spheres may be drawn to touch the cyclide. 
If the spheres m and m’ are concentric, 


It arises by expressing that the equation > 





Co 

3 

mm; =Km;+ —T, 
r 


and the equation y (m+ pm’) =0 gives the twelve spheres having 
the given point as centre, which can be drawn to touch the 
eychide, 1.e. twelve normals can be drawn from any given point to 
a cyclide. 

* See Darboux, Sur une classe remarquable, etc., p. 275. 


F S; 
+ Since = constant. 
i 
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Bitangent spheres. 
5 
If in the spheres %(a;+A)x:y;=0 we take 2» to be suc- 
af 


cessively —a,... —as, we obtain the five bitangent spheres which 
touch the cyclide at the point xv; eg. if ~+a,=0, the corre- 
sponding sphere touches the cyclide in the two points + a, %2... 25 


The Cartesian coordinates of the centre of the sphere S mix; = 0 
are clearly equal to the expressions 
g Melt /s ae _y mis Sa . 
, r T; T; 1% T; 
where the point (— f;, — 9:, —h;) 1s the centre of the fundamental 
sphere S;. 

Hence the coordinates of the centres of the set of spheres 
m;+rm, are each of the form eo a 1e. the cross-ratio of any 
four of these points is equal to the cross-ratio of the corresponding 
values of X. 

Applying this to the spheres * (a;+ A) a;:y;= 0, and taking © 
to be successively — 0 , — a,... — ds, the corresponding centres are 
the point # and five points in which the normal to the cyclide at 
the point « meets the five fundamental quadrics Q,... Q;; it 
follows that the cross-ratio of any four of the following sia points 
on the normal at any point P of a cyclide ts constant, viz. the point P 
and the centres of the bitangent spheres which le on the normal at P. 


71. Confocal cyclides. 


If the bitangent sphere is also a point-sphere z;,, 1ts centre is 
a focus of the surface. Taking one system we have for instance 


2,=0, 24%=(a;—4a) %, (¢ = 25 §.. Dy 





5 
with the condition > 27 = 0. 
1 
‘ uv 2; 5 
The equations z,=0, & — = 0, give the focal curve. 
2 47 4 





If = * is substituted for a; in the last equation, its form is 
t 


not thereby altered, since a;— a, 1s transformed into 


a 1 a, —a; 


—_———— rn ee 
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Hence the equation becomes 


5 yy. 
2 Ai— A 


3 


which leads to the original equation 


Ze 
= (). 
a; = a, 





5 
2 
2 


i 


Hence the cyclides = 





— 0 are confocal with the original 


cyclide La;z?=0. They form therefore a confocal system in 
which the original cyclide is included as corresponding to the 
value infinity for 2X. 

Through any point there pass three confocal cyclides, since the 


5 2 
equation > aah = 0, regarding the «; as given, constitutes a cubic 
1 


5 
in X (since > 27 = 0). 
I 


These cyclides cut each other orthogonally, for if r,, A, refer to 
two cyclides through the point 2, then since tangent spheres at 
this point to them respectively are 


3 LY 20 & Ley = 
Qi + ry 3 J $) 








if these spheres are orthogonal we have 


xe iat 
(Gj ,) Aa) 


But this is merely another form of the equation 


S 0, (Art. 61). 


a cy 
ait Ay Ait Ag 





The three cyclides through any real point are all real; for the 
variables # may be all real, in which case the square of one of them, 
say «,*, 1s negative, so that if we suppose the quantities a, ... a, in 
order of magnitude, the cubic determining 2 has a root in each of 


the intervals —a,...—@,, —@,....—@3, —@3...—@,. Again, if 
a, and #,,and consequently a, and a,, are conjugate imaginary, the 
cubic has a real root in each of the intervals —a;... — a,, — a4... — 5, 


and therefore possesses three real roots. 
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Corresponding points on confocal cyclides. 


The equations 





a = led), 


bo 
: vat 


establish a (1, 1) correspondence between the point 2 on the 





cyclide Xa;v7=0 and the point y on the cyclide = = Q), 


5 
Denoting by f(A) the product Il (A+<a;), by resolving into 
1 
partial fractions the expressions 
a ae 
FA)” FA)” fF)” FO)’ 
it is seen that 
3 2 , 1 
a 
J i-a@e 7 (-4%) ff (-a) “ff (-a) 
Hence the equations = a;7,?=0, & #?=0, are identically satis- 
fied by the substitutions 


p= 4/ SOE), (C= 1). 


These equations express the coordinates of any point 2 of the 
cyclide in terms of two parameters A, and A,, so that if we take 


 _ 
V ay + Ag 


== (), 


L= 
it follows that 
(a; +A) (a; + Az) (a; + ra) 
ay) ie) ey w=, G = 2 


The quantities A,, etc. are seen to be the roots of the cubic in 
» giving the three confocals through the point y. 


The above expressions for the y; in terms of A,, Ae, Az; may be directly 
obtained by considering the cubic in the form 
ae ae 


B 2 Bray ah ; 
and hence it follows that 
5 
yf! (—a,)=2aiye' (a +Aj) (@,+A2) (41 +A3)5 


four other equations of like form are obtained similarly. 
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The curves A, = constant, A.= constant are the lines of curva- 
ture on the surface = a;x;?=0, for from the equation 


pope) at Gp + Ay) (As + As) 
£3 a 


it follows that if 2;+ dx; be the consecutive point on the curve 
A, = constant, we have 
1 pxrdr, 


pdx;,=— x:dp 2 ON: 





hence 
(a; + Ay — 4d) (x; + dx;) = (a; + ry) X; (1 _ “f) ; 


neglecting quantities of the second order; therefore a tangent sphere 
at a;, viz. & (a; +4) ay; =0, is also one of the tangent spheres 
at the consecutive point on the curve A,= constant, and is there- 
fore a principal sphere at the point a. 

Thus the two confocals through any point of the surface 
~ a;x2,=0 intersect it in its lines of curvature; which is other- 
wise manifest from Dupin’s theorem. 


72. The sixteen lines of the surface. 


It is known that every general quartic surface with a double 
conic contains sixteen lines (Art. 24). The existence of these 
lines on the cyclde is made evident by the equations 


perm y/ HERMON, (Sag, ...5)-.1--00 (1). 


For if we suppose A,=”,, we obtain for any point x of the 
curve A, =A, the equations 


=ArvA,+ B:, (i(=1, 22.8); 


whence if &, 7, € are the corresponding Cartesian coordinates of 
the point , 


poets te paelarl Bs t= Yi + 2, 
Cr, + D’ Cr, + D’ Cry, + D’ 
hence the curve is a straight line. 

By taking all combinations of signs in the ambiguities in 
equations (1) we obtain the sixteen lines. These lines are all 
imaginary, since as in the general case of the quartic surface with 
a nodal conic, a line on the surface must form part of a conic on 
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the surface, and in the case of the cyclide all such conics are 
circles, 


73. Centre of a cyclide. 


The locus of mean distances of points of intersection of a series 
of parallel chords with an algebraic curve of degree n is called a 
diameter ; when the terms of degree n — 1 in the equation of the 
curve f(z, y)=0 are lacking, all diameters pass through the 
origin, the centre of the curve. The equation of a cyclide being 
written in the form 

(2+ y+ 2yr+4U =0, 

we proceed to consider the centres of its sections. Since the 
coordinate planes may have any directions, we may consider 
the section of the surface by the plane z=h; it is seen that 
the diameter corresponding to chords of the section parallel to 
the axis of 2 is the axis of y, and vice-versa. Hence the line 
2=y=( 1s the locus of centres of sections parallel to the plane 
z=, so that the locus of centres of sections parallel to any plane 
is a lme through the origin perpendicular to that plane. The. 
origin is therefore termed the centre of the surface. 


Sphero-conics on a cyclide*. 
The sphere S= 21 (where L= ax+ By + yz+6, S=a?+ y?+ 24) 
meets the cyclide S?+ 4U=0 in a curve given as the intersection 


of the sphere and the quadric U + £?=0; it is therefore a sphero- 
conic « ; the centre of the sphere is termed the centre of c Now 


denote by H the quadric U+L?+ i (Ss —2L)=0; the inter- 


section of H with the cyclide consists of o together with another 
sphero-conic o’ which lies on the sphere S + 22—2~=0. 

Hence any quadric through o meets the cyclide in another 
sphero-conic ao’. ‘The line joining the centres of o and o’ is 
bisected at the centre of the surface, hence all quadrics through 
a given sphero-conic cut the cyclide in another sphero-conic whose 
centre 1s fixed. 

If £ is a constant k, the centres of o and oa’ coincide with the 
origin ; if 44 =X, the spheres and therefore o and o’ coincide, and 
ff becomes the quadric V, where 

VeU+kS-P; 
* The results of the present and following Articles were given by Humbert, 
Sur les surfaces cyclides, Journal de l’école polytechnique, univ. (1884). 
J. Q. S. 8 
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this quadric V touches the cyclide along a sphero-conic lying on the 
sphere S—2k=0. For these quadrics V it is easy to see that 
in general two pass through any point, three touch any given line 
and four touch any given plane*. 

If V correspond to any given value of k, and if in the equation of 
H previously given we suppose the quantity A to be 4k, it is seen 
that 

H=V+(L—k); 
hence H touches V along a conic. 

The spheres =,, 2, which contain the curves o, o’ of inter- 
section of H and the cyclide are then 

>=S-2L, %=8+2L-—4k; 
while the sphere ~; passing through the curve of contact of V 
and the cyclide is 2, =S-— 2k. 

‘These three spheres have a circle in common in the plane 
IL—k=0; hence, every quadric H which cuts a cyclide in two 
sphero-conics o, a” touches one of the quadrics V along a conic ; the 
spheres which respectively contain o, o and the curve of contact of V 
and the cyclde have a circle in common whose plane is that of 
contact of V and Z1. 

Now take a generator of H through any point P of the conic 
L—k=V=0; this lies in the tangent plane of H at P and meets 
the curves o, o in points A,B; C,D; also 


PA .PB= power of P for 2,, PC.PD=power of P for 3s, 


and since P lies on the common radical plane of 3,, 22, =; we 
have 


PA.PB=PC.PD=power of P for 2,= 2+ y?3+ 2—2k; 


where (2, y, z) are the coordinates of P. 

By giving different values to the constants in L we obtain all 
quadrics H which touch V at P; hence the result holds for any 
tangent line to V at P, from which we deduce the result: the 
point of contact of V with any of rts tangent planes m is a centre of 
self-inversion for the section of the cyclide by w; and since four 
quadrics V can be drawn to touch any given plane we thus obtain 
the four centres of self-inversion of the section of the cyclide by 
any plane. 


* The quadrics V correspond to the quadrics yy + 2A¢+A?w?=0 for the general 
quartic surface ¢?=w?y. 
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74. Conjugate points, 


Two such points A, B ona tangent to V are called conjugate 
for the system V. Any two points of the cyclide are conjugate for 
one quadric V and for one only; for since three quadrics V touch 
any given line which meets the cyclide in the points A, B, C, D, 
these points can be arranged in two pairs in three ways, each 
arrangement corresponding to one quadric V. 

If from any point A of the cyclide tangents be drawn to a given 
quadric V the conjugates of A lie upon the cone and also upon the 
cyclide; since the cone has as its equation VV’ — P?=0 where P is 
the polar plane of A (or a’, y’, 2’), it follows that thiscone meets the 
cyclide in two sphero-conics oc, o” but only one of them is formed by 
the conjugates of A. For since V=U+kS—K we obtain the 
intersection of this cone with the surface S?+4U =0 by writing 
in the equation of the cone 4V=—(S— 2k), giving as the two 
spheres through the curves o, o” 

(S — 2k) (S’— 2k) = + 4P; 
one of these spheres passes through (2, y’, 2’), since 
Ee ee OY 
4 

Let &, be the sphere which passes through A, then if Q is any 
point (z, y, 2) on the conic along which the cone touches V, and 
therefore lying on the plane P=0, the line AQ meets 2, in 
a second point B such that 

QA . QB = power of Q for 2, = # + y? + 2? — 2k. 
Hence B is conjugate to A; and o is composed of the conjugates 
of A. 

The direction cosines of the normals to the cyclide and the 
sphere >,,at A, are easily seen to be the same. Hence the locus of 
the conjugates of a point A for a given quadric V les on a sphere 
touching the surface at A. 


75. Cartesian equation of the system of confocal cyclides. 








‘ 4F' (A) Q 
2 — 
The equation S?+ (Assay CA, + 0) CA, ly where 
ieee eg, Boa + aNd + 2n, 


A,+r AgtrA AZtA 





Q= pe eee i 
ae Fy oN +X 7 a x +2 
* See Art. 54. 
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represents in Cartesian coordinates the system confocal to the 
given cyclide. For it is, when reduced, of degree eight in A, and 
since 
PF (- A,) =— B? (A, iam A) (A; = A,), 

it is seen that +A, is a factor of the reduced equation; similarly 
for) -+A,, ~%+A;. Moreover the coefficients of \% and X? vanish, 
hence we have a resulting cubic » of the form 

ASD, + AD EAD, + D, = 0, 
where the >; are cyclides. Since for the roots A, ... A, of F(A) =0 
the surface reduces respectively to S,?...S,, it follows that the 
cubic in » can be expressed in the form 


4 
La,S? = 0, 
1 


where the a; are cubic in ); and therefore in the form 


eS. 2) 
Ky | Ks \ 
A po = 
A—M UNAG 
But since S; is included, for 7 = A,, it follows that 


Ky 3 hai Kg Ky Ag — Ay i As— Agi As — Agi As — Ay, 


A— Ay 


0. 











mide 


whence we finally obtain =» (). 


The following result is given by Humbert*; when the sphere 
S+2L=0 1 a point-sphere, and the quadric U + L?=0 is a cone, 
the locus of the centre of this point-sphere is a cyclide confocal with 
S?4+40=0. 


Let SeeH2+y+2+4+d, 
U= a2? + any? + d32 + 2px + 2qy + 2rz +c, 
Ls=an+ Byty2t+6. ‘ 
Then S+2£=0 is a point-sphere if 
a+ B+y?—d—2=0; 
the quadric U + [?=0 is a cone if 
aA, + 2aBAy.+...+A=0, 
where A is the discriminant of U, and Aj, ete. its first minors. 


* Sur les surfaces cyclides, Journal de l’école polytechnique, Liv. (1884). 
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Now denoting by (a, y, z) the centre of the point-sphere so that 
x=—a, etc. the last equation becomes 


2 2 2 2 
(5404 W 4%) —— (= +442 4 1)=0. 
GM Ga, as Ajdetg \Q, Ag as 
On inserting the value of 5 we obtain as the required locus 
9 9 2 4A 2 2 2 
(r+ year Pe Wy 2 _ a) (F+% += 41)=0. 
Ay As, As MWMohs \A, A, as 
On writmg a= A;+A, p=B,, g=B,, r=B;, d= — 2d, c=CO- Xd, 
the cyclide S?+4U=0 takes the form given (Art. 54) and the 
locus is seen to be a confocal cyclide. 





76. Common tangent planes of the cyclide and a tangent 
quadric. 


If we take any plane touching the cyclide at a point O and an 
inscribed quadric V at a point P, the line PO touches a line of 
curvature of the cyclide at O. For if the plane be taken as the 
plane z=0 and the line PO as the axis of a, the equation of the 
surface assumes the form 


(22+ 4? + 2?+ Qax + 2by + 2cz +k) 
+4 (42 + By? + C2* + 2Dy2+ 2H ze + 2K ay 


je 
— kaw — kby + 2rz — a) = (Q), 


with the conditions F+ab=0, A +a?=0; the second member of 
the left side representing V. 

But in the equation of the indicatrix of the surface at O the 
coefficient of the term involving zy is F + ab, hence the line PO 
is a tangent to a line of curvature at O. The tangent to the 
other line of curvature is OQ, where Q is the point of contact of 
the other inscribed quadric V’ which can be drawn to touch the 
plane (the two other inscribed quadrics which touch the plane 
coincide here with that which touches the cyclide at O taken 
doubly). 

Thus the locus of the points of contact with a cyclide of a 
plane which touches the cyclide and a fixed quadric JV, is a line 
of curvature of the cyclide, the intersection with it of a confocal 
cyclide. 


CHAPTER VI 


SURFACES WITH A DOUBLE LINE: PLUCKERS SURFACE 


77. The equation of a quartic surface with a double line may 
be written in the form 


20 +22,27,V +22W =0, 


where U=0 is a quadric and V=0, W =0 are cones whose vertex 
is the point A,. Since twenty-two constants enter linearly into 
this equation, and since four conditions determine a line, the 
surface depends upon twenty-five constants. 

The section of the surface by a plane a= Aa, through the 
double line consists of the double line together with a conic; the 
cone of vertex A, through this conic has as its equation 

MU" + 20.V + W=0, 

where U’ is the result of substituting Aw for 2, U. The co- 
efficients of 2,7, x57, 0,7, 14%, 0%, #7 1m the last equation are 
functions of X of degrees 4, 2, 2, 3, 3 and 2 respectively; hence it 1s 
a pair of planes for eight values of i, eight of the sections through 
the double line consisting of a pair of lines. The surface thus 
contains sixteen lines; it contains no line which does not 
intersect the double line, unless U, V, W have a common 
generator. 


78. In addition to the conics in planes through the double 
line the surface contains certain other conics. The origin of these 
conics is seen by application of the following theorem: 2f seven 
lines p,p2-..p, are all intersected by an eighth line p, there vs one 
conic which intersects the eight lines. 

This result may be proved as follows: consider five lines 
pi... ps all intersected by p which we may take as the edge 
A,A,, any arbitrary line p’ being A, Az, then there are three planes 
through p’ which meet the lines p,... ps, AzA, in points of a conic ; 
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for the plane 2, — Aa,=0 meets any one of the lines p,... p, ina 
point whose coordinates are 
Aa, Ba, 2, 1, 
where a= ar +band a,b, A, Bare constants connected with the line; 
project these five points from A, upon the plane a, giving points 
A,;a;, B;a;, dr, @=1, 2, 3, 4y 5); 
the condition that these five points and A, should lie upon a 
conic is then 
Aja? Bfa* rv? Ara, B,Ax, A, B,a? 
= 0. 
0 0 1 0 0 0 

Omitting the irrelevant factor \? we obtain an equation of 
degree eight in >. But five of these values of 2X relate to the five 
planes through p’ and the points (p;, A;A,): hence we have 
finally three planes through p’ meeting p,... ps, A3A, in points 
of a conic. 

Hence the planes meeting p, p,...; In points of a conic 
envelop a surface of the third class. 

This surface contains each of the lines p,... 5; for the plane 
through p, and the second transversal of p,, p2, Ps, Ps, meets the 
lines p, 7, ... Ps in six points lying on two lines. 

Similarly for p, and the lines pz, 7, ps, etc.; hence four tangent 
planes of the surface can be drawn through p,, i.e. p, hes on the 
surface; similarly for p....p;. For the same reason p lies on 
the surface. Now consider the three surfaces thus formed with 
PD, Pi, Pa Ps, Ps aNd Ys, Py, P, respectively ; applying the known 
results* for the intersections of three cubic surfaces which have 
four lines in common, it is seen that there is one tangent plane 
common to the three surfaces. 

Construct, therefore, the conic which meets the double line and 
also one line of each pair out of seven pairs of lines; this conic mects 
the surface in nine points and therefore lies upon it. The plane of 
this conic meets the surface in another conic, the two conics have 
one intersection upon the double line; each conic meets one of the 
two lines forming the eighth pair of lines. 

By taking all possible selections of seven lines in accordance 
with the foregoing method, we obtain 2’=128 conics lying in 
64 planes; each plane being a tritangent plane of the surface. 


* Salmon, Geom. of three dimensions, 5th Ed., Vol. 1. p. 371. 
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79. Mapping of the surface on a plane. 

Any one of the foregoing conics affords a means of representing 
the points of the surface upon a plane*. For if C=O is such a 
tritangent plane, the equation of the surface may be written 

(a, A — 2, B) (x, A’ — 2, B’)— C{ Pa? —2Na,2.+ Ma?} =0, 
where A, B,... M are linear functions of the coordinates. 

We may therefore express any point of the surface in terms of 
two parameters, viz. the ratios of &,, &, &, as follows: 

(1) &a,+ &2,=0, 

(2) €&B+EA+8C=0, 

(3) &3( BE, + A’E,) + MEP + 2NE,E. + PEF =0; 
giving a (1, 1) correspondence between any point x of the surface 
and a point & of any assumed plane. 

For any assigned point &, the first two equations give a line 
which intersects the double line and also the conic 

C=0, 1A—x2,B=0, 

its fourth point of intersection with the surface being the point 
x which corresponds to & Conversely each point a of the 
surface determines such a line and hence one point & For any 
point x, however, of one of the eight lines of the surface which 
intersect this conic, the same point & is determined; we have 
therefore eight principal points & of the correspondence which we_ 
denote by B,... Bs, each of them corresponds to all the points of 
one of the eight lines. 

If in the preceding equations connecting x and & we have 
C=0, then either 7,A —a2,B=0, or &=0, &=0; hence to the 
points of the conic in the plane C=0 which does not meet the 
line determined by (1) and (2), there corresponds the single point 
£,=0, &=0, which we denote by A. 

To any plane section of the surface there corresponds in the 
field of & a quartic curve: since this section meets each of the 
above eight lines, and also twice meets the conic just referred to, 
it follows that this quartic curve passes through the eight principal 
points and also passes twice through the point A. Hence we have 
a system of quartics having a common node and eight common 
points f. 

* Clebsch, Ueber die Abbildung algeb. Flichen, Math. Ann. 1. 

+ The condition of possessing a node at a given point and eight fixed points is 


equivalent to eleven conditions, leaving a linear system triply infinite of quartic 
curves. 
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To the conic C=0, £,27,+ &«,=0, &£,B+&A=0 there corre- 
sponds a quartic curve obtained by substituting for the coordinates 
x their values in (8), in terms of &, : &; hence this quartic possesses 
a triple point at A. 

The pencil of lines through the point A corresponds to the conics 
in sections through the double line; the cubic curve through the 
nine principal points corresponds to the double line. This cubic is 
obtained by writing x, = 2, =0 in (2) and (3), and hence is given as 
the intersection of a pencil of lines a, K + «,K’ = 0, and a pencil of 
conics 4,0 +.4,U’=0; to any given point a;/«, of the double line 
correspond two points P, P’ of this cubic collinear with the point 
Kk = k’=0, or 0. 

Writing «,=2,=0 in (2) and (8) and eliminating &, we obtain 


(Bo + EA) (&, By + &,A,) = C, (Py E+ 2No€, & + M)&,’) = 0, 
in which B, is the result of writing x, = a, =0 in B, etc. 

This gives the pair of lines joining P, P’ to the point &, = & =0; 
the corresponding pair of planes through the double line is 

(a, Ay — #2 By) (@,Ay — 2% By) — Cy (Pyaty? — 2N 92,22, + Myx?) = 0, 


which is the pair of tangent planes at the stated point 2,/a, of 
the double line. Hence the conics in these tangent planes are so 
related that their corresponding lines meet the cubic, the image of 
the double curve, in points P, P’ collinear with the point 0. 

From O four tangents can be drawn to this cubic, hence at four 
points of the double line the tangent planes coincide, giving four 
pinch-points. 


80. We add a table containing the preceding results: 


On the surface In the field of é 
Eight lines of the surface which meet Light principal points lying on a 
the conic C=2,A —x,B=0, or c? quartic having a triple point at 
f= &2=0 


The second conic in the plane C=0, A principal point A (§;=£2=0) 
or ¢;" 


The conics in the planes through the Lines of the pencil whose centre is 
double line the point dA 


The double line A cubic passing through the nine 
principal points 


A point Q on the double line Two points P, P’ in this eubie collinear 
with a fixed point O on the cubic 
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On the surface In the field of < 


The conics in the pair of tangent Two lines AP, AP’ 
planes to the surface at Q 


Four pinch-points on the doubleline The four points of contact of the 
tangents from O to the cubic 


The nine principal points cannot be the complete intersection 
of two cubic curves u=0, v=0; for if so the image of every 
plane section would be of the form Zu+Mv=0, where L, M, u, v 
concur at A. Hence the equations connecting # and & would be of 
the form 


pt,=Pu, p%=Pv, pa=Qu, pa= Qu, 


leading to the quadric surface 2,2, = a3. 

The curve on the surface which corresponds to any line in the 
plane of & is a twisted quartic of the second species. For to 
any line ag=0 of the plane there will correspond a curve lying on 
the quadric 


G Gd, as 
o wm 0 }=0; 
Ba? 


this quadric meets the quartic surface in the double line and also 
in the conic c,?; hence it also meets it in a twisted quartic. Since 
the line ag=0 meets the cubic corresponding to the double line 
three times, the double line meets the quartic curve three times; 
this quartic is therefore of the second species. 

To any line of the pencil whose centre is the poimt O of the 
cubic curve corresponds a quartic which passes through the point 
of the double line corresponding to O and which has a double point 
in the single point corresponding to the points P, 2. 


81. Curves on the surface. 


By aid of this representation of the surface on a plane the 
various algebraic curves on the surface can be readily deter- 
mined. 

If M and m are the orders of a curve c, on the surface and 
the corresponding curve cz in the plane, c, is met by any plane 
section a, in M points, and cg is met by ag in 4m points; 
while if c, meets c,? 8 times* and the eight lines a, ... a, times 


* Excluding an intersection at the point where c,? meets the double line. 
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respectively, these points, though not intersections of c, and dz, 
give rise to intersections of cg and az, hence 


M = 4m — 28 — 3a. 


By aid of this equation we can obtain the various species of curves 
on the surface*. 

The svateen lines are represented by the eight principal points 
B; and the lines joining the point A to these eight points. 

The conics of the surface are obtained by taking @=0, 1, 2,3 
successively : 


8=0 requires that m=1, }a=2; this gives the joins of the 
eight principal points B;, which are twenty-eight in number. 

8=1 requires that m=1 or m=2; in the first case Sa =0 
and we have the pencil of lines through the point 4; in the 
second case La=4 and we have conics through A and four 
principal points; there are seventy such conics. 

8=2 requires that m=3; this gives a= 6, and we have thus 
cubics having a node at A and passing through six principal 
points; there are twenty-eight such cubics. 

8=38 requires that m=4 and hence Xa=8; this gives a 
quartic having a triple point at A and passing through the 
eight principal points. This quartic corresponds to c,°. 

The case 8@=4 cannot arise. We have thus, counting the 
point A, obtained the images of all the conics of the surface, 


including those in sections through the double line; apart from 
the latter there are 


14+ 28+ 70+ 28+1=128 


conics on the surface; i.e. there are no conics other than those 
already obtained. 


* Limits within which m must lie are derived from the fact that mS8+1 and 
from the equation 


pa@=1)(m-2)_ B(B-1)_ a (a-1) 
2 2 z= 


where p is the deficiency of the plane curve, if we suppose the curve on the surface 
not to possess multiple points; and also from the inequality 


pe (m+l) (m+2)_ B(8+1)_ ,a(a+)) 
[a  - | 


It follows that 
M+p—-1S54m-3m-8, 


hence m<M+p—1+ f. 
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Cubics on the surface. 


The case M=3 gives rise to curves in the plane of which 
particulars are stated in the following table. We notice that 
since the coordinates of a point on a twisted cubic are expressible 
as cubic functions of a parameter, the corresponding curve in the 
plane is unicursal, so that for it p= 0. 


B 2a m 
I 0 : 1 Eight pencils of lines through B,... Bg 

II 0 5 2 56 conics through five of the points B; 

ii 1 3 2 56 sets of o! conics through A and three 
points B; 

IV 1 7 3 168 cubics through A and five points B; and 
having a sixth point B; as node 

i 2 5 3 56 sets of 0! cubics with a node at A and 
passing through five points BJ; 

VI 2 9 4 168 quartics having nodes at A and at two 
points B; and passing through five other 
points B; 

VIEY @ 7 4 Kight sets of 01 quartics having a triple point 


at A and passing through seven points B; 
VIII 3 11 


cr 


56 quintics having a triple point at A, passing 
through five points B; and having nodes at 
three points B; 


Any conic of class III intersects the cubic corresponding to the double 
line in two points* apart from the principal points, hence the corresponding 
cubic on the surface meets the double line twice. The same applies to the 
cubics corresponding to class V. And any conic of class III meets any cubic 
of class V in four points apart from A, if they together pass through the 
eight points B;. Hence if c’, ¢3 are any two such cubics on the surface repre- 
sented in classes III and V respectively, we can pass one quadric through 
the double line, their points of intersection, and one point on each re- 
spectively +; this quadric will contain each cubic. It follows therefore that 
any two cubies thus represented by classes III and V respectively lie on the same 
quadric; there are 07 quadrics which meet the surface in the double line and 
two twisted cubies. 

Similarly any two curves of classes I and VII which together pass through 
the eight points B; will intersect in four points and meet the cubic corre- 
sponding to the double line in two points. Hence they also lie on one of 
co? quadrics. The 448 simple cubics in classes IJ, IV, VI and VIII arise as 
the intersection with the surface of the 448 quadrics which pass through 
three non-intersecting lines of the surface and the double line. 

* These two points are not collinear with O as is seen by taking the pair of lines 


AB,, B,B; and the corresponding line and conic on the surface. 
+ Any quadric through the double line contains six available constants. 
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Quartic curves of each species exist on the surface: their 
images in the plane will have deficiency either zero or unity. 
The following table gives the varieties of such images: 





The quartics which arise for 8 = 4, 8 = 3, are similar to those for 
which B=0, B=1 respectively. The quartics lie in pairs on 
quadries ; if 8, m, 2a and 8’, m’, Xa correspond to such a pair of 
quartic curves lying on the same quadric, we have 

B+Bh'=4, m+m=8, a+ oa’ = 16. 

By applying the method to quintic curves it is seen that the 
image of every quintic curve on the surface meets the cubic which 
is the image of the double line in at least one point apart from 
the principal points: hence every quintic curve on the surface 
meets the double line at least once. Since a triply infinite 
number of cubic surfaces can be drawn through any quintic 
curve, it follows that at least one cubic surface passes through the 
double line and any quintic on the surface, which it therefore 
meets also in another quintic curve. Hence the quintics lie in 
pairs on cubic surfaces through the double line. 

Since one cubic surface passes through any twisted sextic 
curve the sextics on the surface lie in pairs on cubic surfaces. 


82. Nodes on the surface. 


Many of the preceding results, and also the modifications 
which arise when the surface contains nodes apart from the 
double line, may be investigated by means of Rohn’s method, 
Chap. I. Taking the equation of the surface as being 


v2U + 22,V + W= Q, 


where the double line is the join of A,A,; U, V, W are quadratic 
in £3, #,; and 2, appears in the first degree in V and in the second 


126 SURFACES WITH A DOUBLE LINE [CH. VI 


degree in W. The tangent cone to the surface from A, is then 
vV?—UW=0; its section by 2,=0 is a sextic curve having a 
quadruple point at A,. The class of this sextic is 30—12=18, 
hence ten tangents can be drawn to it from A,. The two 
tangents from A, to the conic in any plane section through the 
double line touch it in points P, P’ which are projected from A, 
into points Q, Q’ collinear with A,; such a pair of points Q, Q’ 
coincide, as just seen, ten times; such a coincidence arises from 
the pair of conics which pass though A,, these two tangents are 
the lines U =0, they lie in the two tangent planes to the surface 
at A,; and also when a conic becomes a pair of lines; hence there 
are eight pairs of lines meeting the double line. 

If the surface has a node external to the double line, a node 
arises on this sextic curve, hence its class is reduced by two, and 
the number of pairs of lines is reduced by unity. 

If there are five nodes the sextic necessarily breaks up into 
a quintic having a triple point at A, and three nodes, together 
with a line through A,; for it cannot break up into a quartic with 
a triple point and a conic, or into two cubics with a common 
double point, since in both cases no tangent can be drawn to the 
compound curve to touch it at a point outside A,., while there 
should be two, corresponding to the two conics through A,. 

Hence two nodes must lie ina plane through the double line, and 
their join meets the double line. The tangent cone from A, breaks 
up into a quintic cone together with the plane through the double 
line and the line p joining the nodes. This plane touches the 
surface along the line p: there is no part of the surface in this 
plane except the double line and p; for any line in the plane 
meets the surface twice where it meets p and twice where it meets 
the double line and therefore at no other point; the line p is 
therefore torsal. 

If there are six nodes the sextic becomes a trinodal quartic 
having one of its nodes at A, and two lines through A,; here we 
have two torsal lines. If there are seven nodes the sextic becomes 
a nodal cubic through A, and three lines through A,; finally, if 
there are eight nodes, we have a conic and four lines through Ap. 

It should be noticed that if there are four coplanar nodes their 
plane 1s a trope of the surface. For the conic through the four 
nodes and the point in which the plane meets the double line 
meets the surface in ten points, and hence lies wholly on the 
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surface. The two conics of the section here become coincident, 
and the plane is a trope. 

Consider next the case of seven nodes; six of them, as has 
been seen, lie in pairs on three lines meeting the double line, let 
them be B,, B,’ lying on b,, B,, B,’ lying on b,, B;, B,’ lying on b,, 
and a seventh node B,. Take as the point A, that in which the 
plane B,B,;B, meets the double line; the sextic curve consisting 
as above, of a cubic through A, with one node, the projection of 
B,, together with three lines through A,, will for this position 
of A, have its node collinear with the projections of B, and B;; 
hence it must consist in part of the line joining these two points, 
and upon this line the projection of another node, B,’, must lie. 
The residual part of the cubic is a conic. Hence it follows that 
the nodes B,'’B,B,B, are coplanar. 

Taking the other combinations 


B, BB By, B, By BB, BY BB; By, 


we obtain in all four planes, each contaming four nodes. The 
surface has therefore four tropes. 

If there is an eighth node B,’, then the sextic curve, consisting 
in the previous case of three lines through A, and a nodal cubic, 
here receives an additional double point, the projection of By, 
hence the sextic consists of four lines through A, and a conic. 
There are therefore four torsal lines, viz. B,, B,’ on b,, B,, By on be, 
B,, B,’ on bs, and B,, B, on by. 

By combining B,’ with the nodes B, ... B,’ as before, we obtain 
four more tropes, viz. the planes 


B,B,B,By, By B,B/By, BY ByB,By,  B, By By By. 


It follows that the points B; and the points B/ form two tetrahedra, 
each of which 1s inscribed in the other. 

If we take as the point A, that in which B,B,B,’ meets the 
double line, the sextic curve consisting of four lines through A, 
and a conic will have three collinear nodes on the latter, viz., the 
projections of B,, B,, and B,, hence this conic will consist of two 
lines, each containing four nodes, viz. those lying in the tropes 


(B,B,B,By) and (B,'B,B; B,). 
The line of intersection of these tropes thus meets the double 


line in A,; and since the tangents from A, to this (degenerate) 
conic coincide, it follows that the tangent planes at A, will 
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coincide and A, is a pinch-point. Hence we have four pairs of 
tropes whose four lines of intersection meet the double line at 
pinch-points. 


83. Plucker’s surface. 


The surface with a double line and eight nodes is known as 
Pliicker’s surface. One form of its equatron may be obtained as 
follows: through two nodes on different torsal lines there pass 
two tropes, and there is one quadric S which contains the conics 
in which these tropes meet the surface and also the double line. 
If the double line is A,A, and the tropes are taken as the 
planes z, and a, the equation of the surface is necessarily of 
the form 

S? + 2, a5 = 0, 
where y=0, 5=0 are two planes through the double line also 
meeting the surface in torsal lines. 

Taking the two nodes as the vertices A, and A, of reference 
we obtain the equation of the surface in the form 


(214+ 28 + 043%)! + 2,225 = 0, 
where a, 8, y, 6 are planes through the double line. 
There are two further conditions to be satisfied, viz. that each 


of the planes 2, and #, meets the surface, apart from the double 
line, in a torsal line; hence if 


A=Aglz +X, B= bgas + b,x5, Y = C3Xs + Cg Xs, 6 = d3x3+ dx, 
then writing successively 2,=0 and 2,=0, we obtain as the 
required conditions 

4a,b,=—c,d,;, 4a,b,=— c,d, 
giving two torsal lines as 
Ly = 1A; — %2b,=0, X3= 2A, — Xb, = 0; 


the other two being 
y=C04e, 30=0as. 


The above form of equation of the surface shows that the 
plane z,=0 touches the conics lying in sections through the 
double line. 

Hence each trope touches each of these conics. 

By aid of this form of the equation of the surface we can 
obtain the form assumed in the case of Pliicker’s surface by the 
previous equations connecting a point x of the surface with 
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a point & of a plane; for the equation of the surface is seen to be 
identically satisfied if we write 


px, = n&,&,CD, 

ph, = — NE, EE, 

pa, = E, {€°B me E,CD — ACD}, 
pa, = & {E2B + &,0D — ACD}, 


where A, B, C, D are the results of substituting & and &, for 
x“, and a, respectively in a, 8, y and 6. 
The cubic corresponding to the double line is 


£2B + £,0D ~ ACD =0; 


it touches the lines C=0, D=0, and by aid of the preceding 
conditions it follows that it also touches the lines 
&=0, &=0. 

The quartic representing any plane section has a node at 
the point &=&=0, and touches the lines & =0, &=0 in given 
points. It also touches the lines C=0, D=0 where they 
respectively meet &=0. If H,H#,H; is the triangle of refer- 
ence in the field of & and the principal points on #,2,, H,H, are 
Q, and Q,, those on #,#, are Q;, and Q,’, the correspondence 
between points a and & is of the (1,1) character with the following 
exceptions: any point on #,, corresponds to the node A, with 
the exception of @,, which corresponds to a torsal line, and the 
point /, which corresponds to any point of the conic in the trope 
x,; similarly for £,#; and the point Q,; while to any point of 
C=0, D=0 correspond the other two nodes in a respectively, but 
to Q; and Q,’ the other two torsal lines respectively correspond. 

The equation 

M=4m —2B—- Xa 
as before connects the order of a curve on the surface and the 
corresponding curve in the plane, where 8 is the number of 
intersections of the former curve with the conic in the plane 2, 
exclusive of intersections at nodes in that plane. 

It is easily seen from this equation that no line can exist on 
the surface except the four torsal lines, which are represented by 
the four principal points Q, and the double line. To obtain the 
conics of the surface we may take @=0 giving m=1, 2a=2; so 
that six conics are represented by the lines joining the principal 
points Q;, M2, Q;, Q;; or we may take B=1, giving either 

J. Q. S. 9 
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m=1, 2a=0, so that the conics in planes through the double 
line are represented by the pencil of lines through #;; or 
m=2, Sa=4, which gives the conic through the five principal 
points. If we add the conic represented by £, we obtain all 
the conics on the surface. 

The existence on the general surface with a double line, of 
conics whose planes do not contain the double line, and the fact 
that the surface 1s rational, have been shown very simply by Baker* 
as follows: consider the quadric cones 


U VU 
wg lem See ee ee (1), 


where u=0, v=0 are pairs of planes through the double line 
x=z=0; and w=0 isa plane through it; these cones intersect 
in a conic which meets the double line at one point only. 
The equation of the surface being 
VPA+aezeB+2C=0, 

if in A, B, C we substitute for y and ¢ from (1), we obtain a sextic 
in w/z; and the seven arbitrary constants in u, vy and w may be so 
chosen as to make this sextic vanish identically. Hence the 
surface contains at least one conic which meets the double line 
once only. 


The substitution ¢= ary — =) enables us to express ¥ 


rationally in terms of 7 and and hence also ¢; 1.e. we can express 


the coordinates of any point on the surface as rational functions of 
two variables. 


* Some recent advances in the theory of algebraic surfaces, Proc. Lond. Math, 
Soc., Series 2, Vol. x11. p. 36. 


CHAPTER VII 


QUARTIC SURFACES WITH AN INFINITE NUMBER OF 
CONICS: STEINER'S SURFACE: THE QUARTIC MONOID 


84. The property of containing an infinite number of conics 
has been seen to be possessed by all quartic surfaces with a double 
conic or a double line; in the present chapter we consider all 
surfaces which have this property. 

The determination of the quartic surfaces which contain an 
infinite number of conics was made by Kummer’. 

The following is a brief account of his investigation. If the 
plane section of a quartic surface has four double points it will 
consist either of two conics or of a line together with a nodal 
cubic, in the latter case three double points are collinear. If the 
section consists of two conics, each of their points of intersection 
is either a double point of the surface or a point of contact of the 
surface and the plane section. 

Consider first the case in which no point 1s a point of contact. 
Let two of the double points be fixedt; the surface must then 
possess a double conic, the equation of such a surface is 

P= 4p°V, 
where D=0, Y=0 are quadrics. If the surface contain also two 
double points whose join does not lie on the surface, Y must 
break up into two linear factors (Art. 38), and the surface is then 
ib? = 4p? qr, 
whose sections by planes through the line (q, ”) are pairs of conics. 

If the surface has another pair of nodes, its equation will 
be (Art. 38) 

(p? + gr — st)? = 4p*qr, 
or (p?— gr + st) = 4p? st. 

* Ueber die Flichen vierten Grades auf welchen Schaaren von Kegelschnitte 
liegen, Crelle, uxiv. 


+ The cases in which none or only one of the double points are fixed lead only to 
@ quartic surface consisting of two quadrics, or a cone. 


9—2 
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In this case we have two sets of conics lying in planes whose axes 
are (qg, 7) and (s, 2). 

If three of the double points are fixed they necessarily lie on 
a double line; the sections of a surface having a double line by 
planes through the double line form a set of conics. 

If certain of the double points coincide we are led to special 
cases of the surface ®?=4p*gr, except in one case, viz. that in 
which the surface touches itself at two points; any plane section 
through these points gives a quartic curve which touches itself 
twice, and therefore necessarily consists of two conics having 
double contact. 

The equation of such a quartic surface is ©? =a@yéd where 
a=0, 8=0, y=0, 8=0 are four coaxal planes; the intersection 
of their axis with ®=0 gives the two double points having the 
above property; they are usually called tacnodes. 

Consider next the case in which one of the four double points 
is a point of contact of the plane and the surface; if none of the 
three remaining points are fixed the surface possesses a double 
curve of the third order, which, when a twisted cubic, a line and 
a conic, or three lines, gives rise to a ruled surface, and the section 
by a tangent plane to a line and a cubic, excepting only in the 
case in which the three lines are concurrent. The surface then 
has the equation 

Agr? + Br*p? + Cp*g? + 2pgqrs = 0. 
This surface is known as that of Steiner. 

If next one of the double points is fixed, the surface must have 

a double conic and one node. Its equation is then (Art. 38) 

P? = 4° V, 
where Y=0 is a cone whose vertex lies upon ©®=0. This cone 
touches the surface along the curve (®, V), the tangent planes 
of Y thus meet the surface in pairs of conics. 

Lastly let two of the points be points of contact, the surface 
has a double conic, its equation may be written 


(D + 2Arp*)? = 4p? (V + AD + r*2p*). 
We may determine 2 in five ways so that 
V+ r7® + rp? = 0 
is a cone V (Art. 22); V has double contact with the surface ; 


hence the tangent planes of five cones are bitangent planes of the 
surface and meet it in pairs of conics. 
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In the case of ruled quartic surfaces, the bitangent planes 
contain two generators and therefore meet the surface also in 
a conic. 


85. The quartic surfaces which have respectively a double 
conic and a double line are discussed in Chapters 111—VI, that 
which has three concurrent double lines (Steiner’s surface) in the 
course of this chapter. 

To return to the surface B?=aBy6d, where a, B, y, 5 are coaxal 
planes ; this surface has been shown by Nother* to be birationally 
transformable into a cubic cone. For if the axis of the planes 
a, 8, y, 8 be the line z=0, w=0, and the planes x=0, y=0 are 
the tangent planes to ® where the line (z, w) meets ®, then ® 
may be written xy+(z, wQa), and the surface becomes 

{ay +(z, wha)? =(z, wQb)*. 

Choose as new variable w one of the factors of (z, wb)‘, the 
quartic surface becomes {xy +(z,w{a)}? = w(z, wb)’; then by aid 
of the transformation 

aiy:2:w=a'w —(2,w jay:y?:y2': yw’, 
ae:iy:2:w=ayt+(2, wha: yw: zw: w, 
we obtain «%w’ =(z2’, w’§b)®; a non-singular cubic cone. 

The system of conics on the surface may be represented as 
followst: 

Writing the equation of the surface in the form 

Se way + {CON 
then if (z, wQ a)! = ayzt + a, 22w + a22°w? + a,zw*® + a,w', 
(z, wb) = by2? + b, zw + b,w*, 
the system of conics is 


2 
eto, +p (@— ee te tO) <0, 


with the condition 
(Gop? + Dos — 1) 4 — (ayy? + By) M3 + (Gop? + By) rH 
— Asn? + a4? = 0. 
From these equations it is seen that the conics of the surface 
can be arranged in sets of four, lying on the same quadric. By 
* Kindeutige Raumtransformation, Math. Ann. 111. 


+ Sisam, Concerning systems of conics lying on cubic, quartic and quintic surfaces, 
American Jour. Math. 1908, 
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suitable choice of b), b,, b, we may replace the first two of the 
preceding equations by 


z+trAw=0, 2+ pry =0, 


and we obtain the result: the quadric cone whose verter 1s any 
point of the lne x=y=0* and which contains any conic of the 
system will meet the surface in four conics. 

To the foregoing surfaces described by Kummer we must add 
the surface whose equation is 


jow + f(y, 2, w)}? = (2, wha) 

This may be regarded as a geometricallyt limiting case of the 
last surface when the two tacnodes coincide in the point (y, 2, w). 
Its sections by planes through (z, w) consist of pairs of conics. 

The equation of the surface may be written 


(aw — 2) +2 (aw — y2) (2, wha)? + 2 (2, wb) = 0 
and by application of the transformation 
e:y:2:w=y?t+ oa’: yw': sw? 
ay 2 ww saw = Ys ye 22): ew 
the surface is transformed into the cubic cone 
ea? + Qa’ (2’, w' Vay + (2, w' hb) = OF. 


86. Steiner’s surface. 


The surface of the third class with four tropes was first 
investigated by Steimer§. In accordance with this definition we 
may take as its equation in plane-coordinates 


i iy 1 
—+—+—+4+-—=0, 
U, Ug Us Ug 


* Since z=0, w=0 are any two planes through the given line z= 0, w=0. 

t+ It cannot be derived from it by giving any particular values to the constants, 
See Berry, On quartic surfaces which admit of integrals of the first kind of total 
differentials, Camb. Phil. Soc. Trans. 1899. 

+ This quartic surface is discussed by de Franchis, Le superficie irrazionali di 
quarto ordine di genere geometrico-superficiale nullo, Rend. Circ. Mat. di Palermo, xIv. 
Ti is there shown that the irrational quartic surfaces for which py, (the geometrical 
genus) is zero are either cones or birationally transformable into cones: they 
include the two surfaces last discussed, also the ruled quartic surface with two 
non-intersecting double lines, the surface {zw+/ (y, z, w)}2=(z, wX{a)* where f con- 
tains y only to the first degree (this is a ruled quartic with a tacnodal line), and also 
two special] quartic surfaces. See also Berry, loc. cit. 

§ The surface is also known as Steiner’s Roman Surface. 
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The equation of the surface in point-coordinates is seen to be 
Vay + Va, + Vag + Vee, = 0. 

The coordinates of the points of the surface may therefore be 
expressed in terms of the coordinates n; of the points of a plane 
by means of the equations 

pe, =(—m+m+s), pte=(m— m2 + 3), 
pts=( m+m— 7) pls= (m+ Ne + Ts) 

By changing to a second tetrahedron of reference, desmic to 
the first (Chap. 11), 1.e. by writing 

Ys= Uy + Ut Hye+ Ly, 


Y= “G—-%€y—Us+ X,; 
Yo = — Uy + Ly — Xy t+ Xs, 
Ys = — By — La + Ly + Xs, 


we finally obtain 
oY, = 2M, TY2 = 2H, TY; = 2N No, TY,= 7 + 9 +73". 

This method of representing the surface on a plane was first 
given by Clebsch*. Eliminating the 7; we obtain as the equation 
of the surface 

Yoys + Ysyr + YrYs' — 2AyYYsys= 9. 

This latter form of the equation of the surface shows the 
existence of a triple point A, (y,=4y.=4;=9), three double lines, 
and three nodes. The section of the surface by any tangent plane 
contains four nodes, and hence breaks up into two comes; a 
characteristic property of this surface. 

There are no lines on the surface other than the three double 
lines; for there is clearly no other line passing through A,, and if 
there were a line not passing through A, then the section by the 
plane through this line and A, would possess a triple point at A,, 
ie, would consist of this line together with three other lines 
through A,. 

The correspondence between a point y; of the surface and 
a point 7; of the n-plane is of the (1, 1) character, the only 
exceptions to this being for points of the three double lines; to 
such a point there correspond two points of the 7-plane, e.g. for 
a point of the line ¥,=y¥,=0 we have 

-_ Ge +02" , 
ad Ys 271M. 
giving two points on 7;=0, for which the values of “A are 


9 


reciprocal. 
* Ueber die Steinersche Fliche, Crelle, uxvu. 
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87. Curves on the surface. 


To a curve ¢(7)=0 of order n on the 7-plane there corresponds 
a twisted curve of order 2n on the surface, this being the number 
of points in which ¢(7) meets any conic 


Ln? + WZaxwnine = 0. 


To the straight lines of the n-plane there correspond the 
vo? conics of the surface; to conics in the y-plane correspond 
twisted quartics which are either of the second species or are 
nodal and of the first species; this is seen from consideration of 
the rank of such curves, i.e. the number of their tangents which 
meet any given straight line, e.g. a,=@,=0, 1.e. the number of 
planes a,+A8,=0 which touch the curve. Denoting the results 
of substitution for the y; in terms of the 7; 1n a,, By by u and », 
we have to determine the number of conics w+Av which touch ¢, 
giving the equations 
Ou x ov ag 


a, + * Bn, (i=1, 2, 3). 


=o 
On: Oni 
The required points of contact are given as the intersections of 


az 0 | Ow dv am 


Ons On: Oni | Ze 








and are n(n +1) in number if ¢ has no singular points. We thus 
obtain siz as the rank of twisted quartics on the surface, which 
therefore belong to one of the two classes previously mentioned. 


88. The equations 
Pr; =f; (m, Ne, 3) GQ= 1, 2, 3, 4) 


determine a Steiner's surface, if the curves f;=0 are conics. 
This may be seen as follows: 
The conics apolar to each of four conics 


a, — 0, b" = 0, C,° 3 Q, ig = VU cece rccccccs G1), 


form the pencil 
te Rg MEO. oc scenes eee (2), 


the members of which are all inscribed in the same quadrilateral ; 
if p, 1s one side of this quadrilateral then p,2=0 is apolar to 
Ua? and ug’, and therefore belongs to the linear system (1), or 


a,’? + pb,?+oc,?+ 7d,’ =0; 
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hence this system includes the squares of four lines; by proper 
selection of the triangle of reference these lines may be repre- 
sented by the equations 


Mm+tma+ns=9, —m+72+73= 9, Mm — N+ 73 = 9, ™m+12— 43= 9, 


whence we again arrive at the equations connecting a point a of 
Steiner's surface and a point 7 of the plane. 

The conics of the pencil (2) are the images of the asymptotic 
lines of the surface* ; this may be seen as follows: 

The pairs of tangents drawn from each point P of the plane 7 
to the conics (2) form an involution; if p, p’ are the double lines 
of this involution, then since they are harmonic with each pair of 
tangents, the line-pair pp’ belongs to the system (1), hence its 
image is a pair of coplanar conics on the surface. These conics 
intersect on each of the three double lines, and their fourth inter- 
section @ corresponds to P. Moreover, since p, p’ are the tangents 
at P to the two conics of (2) which pass through P, it follows 
that the line-elements of the asymptotic lines at Q correspond to 
the line-elements at P of the pair of conics belonging to (2) which 
pass through P. This being true of every pair of corresponding 
points Q, P the result follows as stated abovef. 


* See Cotty, Sur les surfaces de Steiner, Nouv. Ann. 1908; Lacour, Nouv. Ann. 
de Math. 1898. 


+ Analytically we may proceed as follows: let 


iL 1 
(11 +m. + 75) (m sr mt im) Suv 


3 
be a line-pair belonging to the system 2y,?+2Zay.7;4,=0; if u+du be the line 
1 


consecutive to u passing through the point on uw consecutive to (u, v) we have 
Ph (u;+ du,) (nj + dn;) a), 
and hence since Zu;dn;=0, it follows that =y,;du;=0 so that the lines uw, v, du are 
concurrent, i.e. 
V,=0U; + pdu,. 
From comparison with the values of u;, v; given above we have 
ul 


dm om 
dn . 
nt-- 
n 
This gives m?—1=k (n?-1), 


k being an arbitrary constant. Hence the image of an asymptotic line is a conic 
touching the four lines 
m=cel, w= 21. 
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We obtain sub-cases of Steiner’s surface when the conics 
Ua’, Ug* of (2) are related in certain ways, the four sub-cases which 
arise are the following : 

(1) When two common tangents of the pencil (2) coincide, 
1.e. the conics of the pencil touch two lines and touch a third line 
at a fixed point; 

(1) three common tangents coincide, ie. the conics osculate 
at a fixed point and also touch a fixed line ; 

(111) the conics touch two lines where a third line meets 
them ; 

(iv) the conics have four consecutive points common. 

The cases (111) and (iv) lead to cubic surfaces. 

In case (i) take the imtersection of the two lines as vertex 
A, of the triangle of reference, the fixed point as A, and the fourth 
harmonic to A,A, and the two lines as the third side, the equation 
of the pencil is then 

2ruw + w?—v? =0. 
The conics apolar to this pencil are 
An)? + Bn? +3?) + 2Cnn2 + 2Dyys = 0. 


The equations connecting a point x of the quartic surface with 
the point 7 of the plane are therefore 
P=, p= +73, pxls= 2mN2; pr,= 2772s ; 
giving as the equation of the surface 
a a 4a, Xo Bes + 4a,° x54 = 0, 

The surface has a triple point through which there pass two 
double lines, along one of which one sheet of the surface touches 
the plane x,. The surface has two tropes 2,=+4,; the plane 2, 
meets the surface in the line (a, 7) alone, this line is thus 
torsal. 

In case (11) the conics (2) are 

v? — 2uw+ 2rAvw = 0, 
giving as the apolar conics 
An? + Bn? + 2s) + Cy? + 2Dmn,= 0. 
The connecting equations are here 
PUr=NY, pl,= NP + 2Ns, pl,=7N3", pH, =2N No. 
The equation of the surface 1s 


(4a, X4— ant)? a 642,375 aa 0. 
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The surface has one trope, the plane #,. Along the double line 
2, = #,= 0, the surface touches the plane x, = 0. 

As previously stated, when the conics of the pencil (2) touch 
two lines at given points, or have four consecutive points in common, 
we obtain a cubic surface: this is easily seen, by application of the 
present method. 


89. Modes of origin of the surface. 


The connection of the previous mode of representation of the 
surface and the method of treatment of the surface by Reye* by 
pure geometry is shown as follows: 

If we have any quadric transformation 


px =f; (0, A, &3, %), (c=1, 2, 3, 4), 
it has been seen that the locus of the point 2 as the point a 
describes a plane is a Steiner surface. 
Now the preceding equations place two spaces 2, 2, in 


4 
correspondence, so that to each set of quadrics 2A; f;=0 in & 
1 


there corresponds a plane in >, to each pencil of quadrics in & a 
pencil of planes in %,, and to each set of eight associated points 
in = a point in 3). 

From the foregoing we deduce also the following result: 
Steiner's surface and the cubic polar of a plane with reference 
to a general cubic surface are reciprocal; for if U=0O is any 
cubic surface, from the equations 


oU ; 
puy= Oa, ; Gel, “ap 3, 4), 
we deduce by aid of the preceding that as x describes a plane, 
u‘envelops a surface which is the reciprocal of a Steiner surface, 
and the u; are the coordinates of the polar plane of x with regard 
to U. 

The following method of derivation of the surface is due to 
Sturm}. Having given a pencil of quadrics and a pencil of 
planes projective to it, the locus of intersection of a plane and 
quadric which are in correspondence is a general cubic surface. 
If we make the further assumptions that the axis of the planes 
touches two of the cones contained in the pencil of quadrics, and 


* Geom. der Lage. 
t BR. Sturm, Ueber die Rimische Fliche von Steiner, Math. Ann. m1. 


140 STEINER'S SURFACE [CH. VII 


that each plane through the axis and the vertex of one of these 
two cones corresponds to that cone, the surface becomes the 
general cubic surface with four nodes. For these conditions 
are seen to be satisfied by assuming as equations of the two 
pencils 
Ve+taV,=0, Le +AL, =O, 
where V,, V. are the cones considered and where 
V,=0+2,8, V.=¥*+ 26. 
The surface is therefore 
Ty (ry? + 226) — (2 + 2,8) = 0, 
which has the four nodes 
a=27,=97'+4,(6—f)=0, y=a, =@ — 2, (6 By. 


Reciprocating, 1t follows that if a pencil of surfaces of the 
second order is projectively related to a row of points on a 
straight line, the envelope of the tangent cones drawn from the 
various points of the line to the corresponding quadrics is a 
surface of the third class with four tropes, provided that the line 
meets one conic c* belonging to the system in a point A and one 
conic c? in a point A’, and so that A corresponds to c? and A’ 
to c?. 


Curves on the surface. 

The following theorem regarding Steiner’s surface is specially 
noticeable : 

Every algebraic curve on the surface ts of even order*. 

Let a curve c™ of order m on the Steiner surface S, pass p times 
through the triple point and let r, 1’, r” branches respectively 
touch the double lines of S, at the triple point, and if p,, p., ps 
other branches respectively touch the three tangent planes at the 
triple point, then 

P=rtr +r’ + DP + Pot Ps- 
Denoting the double lines by a, a’, a” it is seen that in the plane 
(a,a’) p+r+r’ +p, points of c™ lie at the triple point, the other 
m—p-—-r—r—p, points of intersection of S, with this plane 
must therefore lie on a and a’, suppose that q lie on a, and hence 
g=m—p—r—r —p,—g lie on a’. Similarly on a” there lie 
gq’ =m—p—r—r’—p,—q points. The cone which projects c™ 


* See Sturm, loc. cit. 
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from the triple point is of order m—p and has a as (q+ r)-fold 
line, a’ as (q'+7’)-fold line, a” as (q”+~7”)-fold line; these lines 
being double on S, count 2(¢g+r+q' +7 + q"+,r”) times in the 
intersection of the cone and S,, hence 
4(m—p)=m+2ig¢er+qgt+r+q’ +r}, 
hence from the preceding 
m= 2 ir+ p+ p2t q}- 

If the curve c™ does not pass through the trnple point then 

p =0, and hence 
Pi=Po=pPp=Hr=r =r" =0, 

and we have m= 2g. 

Thus a curve of order 2n which does not pass through the triple 
point meets each double line in n points. Hence a curve of the 
fourth order meets each double line twice; if these points of inter- 


section coincide we have a quartic curve of the first species with a 
double point (Art. 87). 


90. Quartic curves on the surface. 


We now consider further the quartic curves on the surface. 
Every quartic curve c* which does not pass through the triple 
point meets each double line twice; through c‘ there passes at 
least one quadric which meets the surface in another quartic 
curve c’ which also meets the double lines twice and necessarily in 
the same pairs of points, excluding at present the case in which 
the quadric contains one of the double lines. 

If the conic Lan; = 0 represents ct, the conic which repre- 
sents c’* must be 

ne Qik iN 

For if P, P’ are the points in which c‘ meets a double line, the 
first conic passes through one of the two points corresponding to P 
and one of the points corresponding to P’, while the conic repre- 
senting c passes through the other two points corresponding to 
P and FP’ respectively. But if e.g. the double line is that which 
is represented by 7;=0, it was seen that the values of 7,/n, 
corresponding to P are reciprocals (Art. 86), and so also for P’ 
hence the form of the second conic follows. 

Each of these quartic curves is of the second species, since each 
has three apparent double points. 
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If we form the product of the left sides of the equations repre- 
senting these conics the terms which arise are of the type 


(Sn?),  05?j?,  n2njne; 


hence on substitution we obtain the equation of the quadric which 
contains both c* and c’**. 

Unless two of the quantities a; are equal, the conics c’, c’? do 
not intersect on a side of the triangle of reference. From this it 
follows that the quadric containing c‘ and c“ cannot be acone. For 
if possible let such a cone be AC — B?=0, where A, B are common 
tangent planes of the cone and quartic surface at two intersections 
of c*, c’*; on substituting in this equation for the x; in terms of the 


ni we obtain 
aa’ .bb’—w=0 


as the equation of the pair of conics c*,c?; where a,a’ and ), b’ are 
tangents to the respective conics at two of their intersections; 
but from the form of this equation the lines a... b’ must be 
bitangents of the quartic curve c?.c®, which is impossible. 

If for the curve ct we have a,; =a ,,, 1t meets one double line 
in two coincident points. The quadric cone having its vertex at 
this point and passing through c* will meet the surface in 
another quartic curve c% These quartics are of the first 
species f. 

Any quadric through two double lines meets the surface also 
in a quartic curve of this latter variety, having a double point on 
the third double line. There is a quadruply infinite number of 
such nodal quartics on the surface. 


In the first case the quadric containing a pair of quartic curves touches 
the surface four times; in the second case the cone touches the surface twice. 


Let U and V be two quadrics through a quartic c* of the first 
species ; if the conic c? corresponds to c‘ and if c?, c’? be the conics 


* This quadric is found to be 472+ 2Ay,X;X,=0, where 
THe,+% la a tg+a a Lota : : 
= ATM NG any ene a 2+ Agg doy gg Zips 
the A, are the minors of the discriminant of Zag.n;7,, and 


I li 1 1 1 1 
A,={— -— } 2 %=(=- =) a5, X= (= - =) ay 
- - =) ni ‘ a3 a,/ ° z Gy, “Gyg] ° 


+ For if e.g. a,,=a@g,=1 the curve c4 will also lie on the quadric 
X3 (v4+ Ayo X3 + 213% +93 21) +4229 (35 - 1) i UF 
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related to the residual intersections of the surface by U and V, 
we have from above 
Veta, Vie OC uc? 

(where in the conics the 7; are replaced by the 2;). 

Hence U+r~V Sc? (c#+ rc’), 
so that the quadri-quartics associated with the pencil of quadrics 
are thus represented by a pencil of conics and therefore pass 
through four fixed points. This is a characteristic property of these 
curves. 

The conic through one vertex of the triangle of reference 

U = AxN2’ + A333 + 2Lanenine = 0, (2 a k), 


represents a quartic curve through the triple point; it 1s clear that 
if in the product 





tie 2de )u 


1 (n+ Clos ei UE} 


we substitute for the »; in terms of the y; we obtain an equation 
containing the latter variables only, and in the second degree. 

This quadric hence passes through a double line, a conic of the 
surface and a curve c‘ through the triple point; this curve is of 
the second species, since one set of generators of the quadric 
meet c‘ in three points. There exist 0‘ curves c* passing through 
the triple point. 

If the representative conic passes through two vertices of the 
triangle of reference, ie. is of the form 


ns + 2anninn = 0, (1h), 
we obtain as a quadric which contains it the cone 


YWyvYo + 2Ys (Q12Ys + h3Yo + 341) = 0). 
These curves are the intersection with the surface of cones through 
two of the double lines; there are 0? such curves. 
Finally, the conics through each vertex of the triangle of 


reference correspond to the plane sections through the triple 
point. 


91. A mode of origin of Steiner’s surface is obtained, as 
shown by Weierstrass*, from consideration of a well-known pro- 
perty of a quadric. This property is the following: if through any 
given point A, of a quadric Q three mutually perpendicular lines 


* Schréter, Ueber die Steinersche Fliche vierten Grades, Crelle, uxtv. 
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are drawn to meet Q again in points LZ, M, NV; the normal at A, 
to Q meets the plane LMN in a fixed point. The theorem may 
be restated in a general form as follows: if A, be joined to the 
vertices of any triangle self-polar to a conic c* in a given plane 2, 
and the three joining lines meet the quadric again in points 
L, M, N, then the plane LIN meets the line A,# in a fixed 
point S,if fis the pole for c? of the trace on a, of the tangent 
plane to Q at A,. 

If c? is a member of the set of 00? conics a? = 0, where 

e=1U0+nV +:W, | 

then by giving all values to the 7; the resulting locus of S is a 
Steiner surface. 

Let the equation of Q be 


3. 
LyAg + DUiRTiLy = 0, (2 + k). 
1 


Also let two vertices A,, A, of the tetrahedron of reference be 
self-conjugate * for each of the conics U, V, W, and therefore 
for a?; let 


3 3 3 
U= Vip; Ly, |= bX, W= DVCpL Ly. 
1 1 1 


Now if # 1s the point which forms with A, and A, a self-polar 
triangle for a, we have 
Cie 2a =0, w70,. +p O .....0.ceee (1), 
where An= Giz + Nodiz + Ns Cix- 
Let R, or y, be the pole of a, for a’, then 
AY + G3 Ys - Ang Yo + Any Ys ~ CisYi F AaYot ssYs (2). 
ay A As 
It will now be shown that if A,x meets Q in a’, and A,y meets 
the plane (A, 4,2’) in y’ (S), then the locus of y’ is a Steiner 
surface. 
For, from equations (1) and (2) we obtain the «; and y; as 


quadratic functions of the 7;, thus 
Yr: Yo: Ys=Si(n) = fo(n) : fs (n); 
also, 1f 1s easy to see from equations (1) and (2) that os a(n) 
3 11 


* If A,, A, do not both lie on the section of Q by the plane of c?, we can replace 
them by the intersections of A,A,, A,42q with Q, and c? by its projection on any 
plane through these two new points. 
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Again 
Usp Ly XL Usp UL 
eg Tee i fa(n) f 1 
a ae = rom (1), 
Y3  =3 3 Ag Ly Az Ts(n)’ 


where /,(7) is a quadratic function of the 7; Hence 
yi Yet ys 2 ys =fila) :fo(m) : fala): fA). 


92. Eckhardt’s method. 


A method of point-transformation applied by Eckhardt* leads 
easily to properties of the cubic surface with four nodes, and 
hence by reciprocation to the surface of the third class with four 
tropes, which is Steiner’s surface. This transformation is the 
following : 


LEYi =P, (2 => 1, Da 3: 4). 

By use of this method there corresponds to any given plane 
XA;2; = 0, 
the surface = s =; 


which is a cubic surface having the vertices of the tetrahedron 
of reference as nodes. The equation of the surface in plane 
coordinates being — 
> Ni a;Uu; = 0, 
it is seen to be of the fourth class. 
The four tangent cones of the surface at the nodes are 
% 2% 
Yi 1k 
They are the tangent cones from the nodes to the quadric 


k_—(, (,=1, 2, 3, 4). 


2 : t 
5B 2 = 0 


P) 


which touches the edges of the tetrahedron of reference; the 
intersection of this quadric with the plane 


Yi, Yo _Yo_Y_ 


— 
ame = OO, 


GM GM, Ags 


* Math. Ann. v. 


J. Q. 8. 10 
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is a conic c? which lies on the cubic surface; for by squaring 
and subtracting from the equation of the quadric we obtain 


Age + 4a = 0 
WA, 3M 
as a quadric through c’, and this quadric is easily seen to arise by 
combining the equation of the plane with that of the cubic surface. 
Hence the curve of intersection of the quadric and the cubic 
surface consists of three conics lying respectively in this plane and 
in two others of similar form. 

To a quadric through the vertices of the tetrahedron of 
reference corresponds a quadric through the same points, and 
if one quadric is a cone so also is the other (since the discriminant 
of La.~2, 2 is equal to that of Sa,,%,22). Now through four points 
two quadric cones can be drawn to touch a given plane and to have ther 
vertices at a given point of that plane*, we therefore obtain for the 
cubic surface as the corresponding theorem: through any point of the 
surface two quadric cones can be drawn to have thewr vertices at the 
point’ and to touch the surface: otherwise, the tangent cone to the 
surface having its vertex at any point of it breaks up into two 
quadric cones. Reciprocating, we again obtain the result for 
Steiner’s surface that its curve of intersection with any tangent 
plane consists of two conics. 

Again we have the theorem that eight quadrics can be drawn 
through any four given points to touch a given quadric along a 
conic; for taking the given points as vertices of the tetrahedron of 
reference and the given quadric as +a,.2;x, = 0, the latter may be 
written in the form 


(SV aya; + 23 (ain — v Ai Ap) LT, = O ; 
whence the eight planes of the conics of contact are seen to be 
La; A ii = Q, 


taking all combinations of the ambiguities. 

If the given quadric consists of two planes, the conics of 
contact break up into pairs of lines, and hence the tangent 
quadrics must be cones whose vertices lie upon the line of 
intersection of the two planes; it follows therefore that through 


3 


* For the cones which pass through the four points and have their vertices at 
a given point form the pencil V,+AV,=0 where V, and V2 are two cones fulfilling 
these conditions, and the cones of this pencil which touch a given plane are given 
by a quadratic in X. 
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four given points there pass eight quadric cones which touch two 
gwen planes; by application of the transformation it is seen that 
if two cubic surfaces have four nodes in common there are eight 
quadric cones which touch each surface along two twisted cubics; 
otherwise, the common tangent developable of two cubic surfaces 
with four common nodes breaks up into eight quadric cones whose 
vertices lie upon the curve of intersection of the cubic surfaces. 
By reciprocation we obtain that if two Steiner’s surfaces have four 
tropes in common, their curve of intersection consists of eight 
conics whose planes touch the common tangent developable of the 
two surfaces. 


93. Quartic surfaces with a triple point. 


The quartic surface with a triple point has been discussed by 
Rohn*; it belongs to the type known as the monoid, ie. the 
surface of order x with an (n—1)-fold point. 

We may take as its equation 


a 


WU; + Us, =O, 


where u,=0, u,=0 are cones of orders 3 and 4 respectively, 
having their vertices at the triple point e=y=2=0. 

These cones intersect in twelve lines lying on the surface. 

These lines meet the plane w=0 in twelve points which we 
may call principal points in the representation of the points of the 
surface by their projections on this plane from the triple point. 
This gives a (1, 1) correspondence of points between the surface 
and the plane, in which, however, all the points of one of the 
twelve lines are represented by one principal point. 

In the general case there is no conic on the surface whose 
plane does not pass through the triple point A,; for this would 
require the quadric cone of vertex A, and base the conic, to contain 
six of the twelve lines of the surface, in order to complete its curve 
of intersection with the surface. There are sixty-six conics lying 
in the planes passing through two of the twelve lines; they are 
represented by the lines joining pairs of principal points. 

The quadric cone through five of the twelve lines meets the 
surface also in a twisted cubic passing through A,; we obtain 
792 such cubics which are represented by conics through five of 
the principal points. The system of 01 conics through any four 


* Ueber die Flichen vierter Ordnung mit dreifachem Punkte, Math, Ann. xxiv. 


10—2 
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of the principal points represents a system of quartic curves on 
the surface, each quartic having a node at A,. Such a quartic 
must have two apparent double points, since its plane projection 
from any point must have zero deficiency, being in (1, 1) corre- 
spondence with a conic. Hence it is of the first species (a 
quadri-quartic with one node). 

The «!' eubics through eight principal points represent 
twisted quartics without a node, which pass through A, and 
have the same tangent at that point; they have two apparent 
double points, their plane projections being in (1, 1) correspond- 
ence with non-nodal plane cubics; hence they are of the first 
species. 

Any quartic of the first type and any quartic of the second 
type lie on the same quadric, provided that the twelve lines with 
which they are associated are all different. For the conic and 
plane cubic respectively corresponding to them intersect in six 
points (none of which coincide with principal points), hence if 
we take that member of the pencil of oo! quadrics through the 
quartic of the second type which also contains any given point 
of the first quartic, it will meet the latter in 6+2+1=9 points, 
i.e. will contain it. 

We also have quartics of the second species, obtained as the 
intersection with the surface of cubic cones having six of the 
twelve lines as simple lines and a seventh as double line; they 
are represented by the plane cubics through six principal points 
which have a node at a seventh principal point and are 5544 in 
number. These cubics pass through A, and are seen to be of the 
second species, since they have three apparent double points. 

The surface will also possess a line not passing through the 
double point if three of the twelve lines are coplanar. The 
maximum number of such lines is nineteen*. 

The surface may possess a node D; in that case the line 
joining it to A, must lie on the surface and hence is one of 
the twelve lines of the surface. Moreover, in this case, two of 
the twelve lines must coincide. For in this case any section 
through A,D consists of this line together with a cubic passing 
through D; we may take A,D as the line y=z=0 and the 
equation of the surface as 

w ly (av +...)+2 (be +...)} + y (c+...) +2 (d+...) =0; 

* See Rohn, loc. cit. 
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the condition that all such cubics should meet on y=z=0 is 
ad = be, 
which is the condition that the curves u,=0, u,=0 should have 
the same tangent at the point where A,D meets the plane w= 0. 
Hence two of the twelve lines coincide. It is also easily seen 
that if these curves touch, there is a node at the point 
y=z=wat+cre=0. 

The surfaces with six nodes are of special interest: they are of 
two types; in the one type the nodes have any position, in the 
other they le on a conic. 

The equation of a surface of the first type, which has a triple 
point at A and nodes at six points which we may represent by 
1, 2, 3, 4, 5, 6, 1s of the form 

KF —pPV =0, 
where K =0 is a quadric cone whose vertex is A and which passes 
through the points 1...5; #’=0 is a quadric through the seven 
points A,1...6; P=0 is the plane through the points JA, 4, 5; 
V=0 is the cubic surface with four nodes, viz. at A, 1, 2, 3 
respectively, and which passes through the points 4, 5, 6. 

There remain three undetermined constants, viz. two in F, 
together with p. It can easily be shown that they can be deter- 
mined so as to give the required surface. For the conditions that 
the point 6 should be a node are seen to reduce to the following : 


OW Jor dv aCe Bh OF OV onl 
ede ~ By * dy = Be * de dw dw PK 
wherein the coordinates of the point 6 are substituted. 

These conditions express that f= 0, V =0 should touch at the 
point 6, and the two undetermined constants in F’ are thus found ; 
finally p is uniquely determined. 

We thus obtain one surface whose equation depends only on 
the coordinates of its singular points. 

A remarkable property of the surface is that the sextic tangent 
cone, whose vertex is any one of the six nodes, breaks up into two 
cubic cones, each having a double edge passing through the triple 
point. 

For the equation of the surface may be written 

2 (wA + B)+2e¢(wl + D)+wkh+F=0, 


if the node considered is the point (1000). 
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The tangent cone whose vertex is this point is then 
(wl + DP = (wA + B)(wk+ F); 


this is seen to have a fourfold edge passing through A,. It also 
has five double edges passing through five nodes. Now one cubic 
cone whose vertex is this node can be drawn to contain these five 
edges, to have the other edge as double edge, and to contain any 
other edge of the sextic cone. It therefore intersects the latter 
cone in 4x 2+2x5+1=19 edges, and hence forms part of it. 

The foregoing property is also possessed by the symmetroid 
(Art. 8). It is easy to see that the surface we have just considered 
is a special case of the symmetroid. For the latter surface is seen 
(Chap. IX) to arise when from the equations 


oo OSs ON, 
ore Bot Vs tag. © 


expressing that the quadric aS, + BS,+-yS;+6S,=0 should be a 
cone, we eliminate the variable x;, and regard the a, B, y, 6 as 
point-coordinates. 

If we now take the special case in which S, is a plane az = 0, 
taken doubly, we obtain as the required surface 


aa? + Boy +... AMe0,+ Bby+... 
Ad, de+ Bbet... 22+ Boat... ... .. =O, 


@eeteeereeoeesteereee ee eeeCeoaeseeereeHeeeeeeeoeeeeeeveveuseeeeone 


=0, (¢=1, 2,3, 4), 


e@eoerpeeceeveesneeeeeerezreereeoeeoeeoeeeeeeeeeeoeeeeeeoseeoeoeeeee eo eee ee 


This surface has the point (1000) as triple point, since for this 
point all the second minors of the determinant vanish. 
The surface has a node for such values of a...6 as make 


a(a,07+...)? + BS,+78; + 6S,=0 
a pair of planes XY; and for such points we have 
. BS, + yS; + 6S,= XY — aa, 
1.e. BS, +S; + 6S,=0 represents a cone whose vertex lies on d,; 
and there are six such cones since the vertices of all cones which 


pass through the eight fixed points S, = S,=S,=0, lie on the 


sextic curve 


Moreover the ent surface aan the most general 
quartic monoid with a given triple point and with six nodes. 


ee 
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For the equation of such a surface involves 34—10—6=18 
constants; and the determinant involves thirty-four constants 
which can be reduced to eighteen on multiplying by an arbitrary 
determinant of four rows. 

The second type of quartic monoid with six nodes is repre- 
sented by the equation 


K?— pPF=0, 


where K =0 is a quadric cone, /’=0 a cubic cone with the same 
vertex, and P= 0 any plane. 

For this surface has clearly a triple point and has the six nodes 
given by the equations P= F = K =0. 

It contains twenty-one constants, the same number as the 
surface last considered* when the triple point 1s arbitrary. 


* For a full discussion of many special cases of the quartic monoid the reader 
is referred to the memoir by Rohn recently quoted. 


CHAPTER VIII 


THE GENERAL THEORY OF RATIONAL QUARTIC SURFACES 


94. The quartic surfaces so far considered, with a double 
curve, have been found to be rational, i.e. the coordinates of a 
point on such a surface are expressible as rational functions of 
two parameters. Surfaces with a triple point are rational, as is 
seen by projecting the surface from the triple point on any plane. 

We shall now investigate the other types of quartic surfaces with 
a double point which are rational*. If the double point O be a 
tacnode, 1.e. such that every plane through O meets the surface in 
a quartic curve having two consecutive double points at Of, the 
equation of the surface has the form 


LPH" + WyLy Ke (2, Lg, Ly) + Xs (2, %_, 23) = 0. 


Projecting the points x of the surface by lines through O to 
meet the plane a, in points y, we obtain 


— +V0 
P= Y™, Pea=Y2, PXz=Y3, PUy= ~X2ly) £ VOY) 


where 2 (Y) = Xa (y)} — 4x4 (y). 

The points a of the surface are thus related to points y of a double 
plane; we now obtain rational expressions of the y; in terms of 
new variables z; which render VQ (y) rational in the 2z;}. 

The equation of the general quartic curve 1 (y)=0 may be 
taken as 

Un Uy Ug Uns 
Un Uez Usg Ung 
Us, Use Ugg Use 
Ugi Ugn Usp Una 
where uz, = Ug, the uz being linear functions of the y;§. 

* Nother, Ueber die rationalen Fliichen vierter Ordnung, Math. Ann. xxxttl. 

t+ Selbstberiihrungspunkt. 


+ Clebsch, Ueber Flachenabbildungen, Math. Ann. m1. 
§ Hesse, Crelle’s Journal, xxix. 
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A system of cubic curves having six-point contact with © is 
Un Ue Us Uy % 
Un, Usp Ung Uy Me 
Us, Uso Usg Use G, | =O. 

thes ay Oe 

a, Gy wa “a, O 


Denoting this system by ¢(y, a), there are eight systems of 
0? nodal cubics; through every point 0; of the plane there passes 
one member of each system having a node at b;. For if $(y, a) 
has a node at b;, the equations 


Op (6, a) _ 
om: oF" 


give eight sets of values for the 4. 
Again consider the quadrics 


F'(y, A)= LUgAA p= YF, + yole+ ysl; =0; 


if €; be one of the eight points of intersection of /,=0, fF, = 0, F; =90, 
the coordinates of the tangent planes to the quadric F'(b, X) at the 
evght points E, form the preceding eight sets of values of the a;. 

For let quantities 7;, a; be connected by the equations 


a; = Uy (b) 91 + Ue (b) Nz + Uig (6) N3 + Uis (0) m, (v=1, 2,3, 4), 
then it is seen that 
b (6, a) = — F(6, ) 2 (6). 


If now 7; = &,, the plane a; touches £'(b, X) at the point &, and 
since f(b, &) vanishes for all values of the b; we have 


Op (6, a) _ 
me 


Thus the eight different sets of oo? nodal cubics belonging to 
the curves ¢(y, a) are obtained by taking for the quantities a; the 
coordinates of the oo? planes through the eight points &. 

We now select one of these eight points & and denote the 
others by &, €”,..... It is seen that to each quadric F'(y, X) there 
corresponds one point y and conversely; and since there is one 
quadric #’ which contains a line s through &, therefore to each 
such line s there corresponds one point y; but each point y 
determines one quadric #’ which has two generators s through &, 


(+= I, 2, 3), 


(¢= 1, 2, 3). 
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1.e. to each point y there correspond two lines s. These two lines 
coincide if F’ is a cone, i.e. if we have 

Uj Ay + UjoAXo + Ug Ag t UyA, = 0, (Sel; 2, 3, 4), 
giving the points y of 0. 

Considering the points z the sections of the sheaf of lines s 
by the plane which is the field of y, we thus obtain the following 
relationship between the points y and z; to each point z there 
corresponds one point y, to each point y there correspond two 
points z, which coincide when y lies on 2. 

To the quadrics £ which touch a given plane a;, but not at &, 
correspond points y lying on the curve ¢(y, 4), and these quadrics 
give rise to a pencil of lines s lying in a; hence to points z lying 
on a line p correspond points y lying on the curve ¢(y,a). To 
points y lying on a line p’ correspond points z lying on a curve ¢ 
of order k; since p’ meets @¢ in three points, c must meet p in 
the corresponding points, Le. k= 3. 

Hitherto s has been taken as a line through & which does not 
pass through any of the seven points £’, &”, etc. But if s passes 
through &’ then to s will correspond a pencil of quadrics & which 
determine a line of points y. Denoting by A; the points in 
which &€’, €&”, etc. meet the plane of reference, then to each point 
A; there corresponds a line, this line meets p’ in one point, hence 
c passes through each of the seven points A;. | 

Thus the curves ¢ which correspond to lines in the field of y 
form a system of «7? cubics through seven fixed points. Such a 
system is represented by the equation 


Sit 2+ Bfs=0, 
where f,, fo, fs are three cubics having seven points in common. 
The relationship between the points y and z 1s therefore expressed 
by the system 
oy; =f), (qe 1, 2,3) 

where the seven points have a general position. Any curve of 
the system which passes through a given point Q will also pass 
through a point Q’, where Q, Q’ correspond to the same point 7; 
the pair of points z which correspond to a pomt y lie on the 
same cubic through the seven fixed points. 

This transformation rationalizes VO (y); for if A(z)=0 be the 
curve which corresponds to 2(y)=0, since © is the locus of 
points y for which the corresponding pair of points z coincide, 
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i.e. for which curves of the system f; touch each other, we 


have 
oe on i 
G2, 4, 02, 
| % Fe | _o. 
A (2) = 22, Oz, OZ, 0 3 
Fo Hs As 
Oe) Gey 02% 
a sextic curve having nodes at the seven points. 

When o*(y) is expressed in terms of the variables z we 
obtain an expression of order 12 in the z2;; hence it must be 
identical with {A(z)}? save as to a constant factor. 

The required expression of the surface is therefore 


Pm=fQ), Pa=fild, Pa=fe) pu, 


where ~=y.2(f,, fo, fs), and « is a constant. 


Since O (y) = x2 (y) — 4x4 (y), 
wehave — | A(z)? — [xo {f(2)}P = — 4x (FI, 
or (cA — x2) (KA + x2) = — 4y, {fF (2)}- 


The plane sections of the surface are represented by two sets 
of sextic curves, viz. 


Af? + Bofifet Bafifst Ba(—v £ eA) = 0. 
Also f,(z)=0 meets y,{f(z)}=0 in eight points, apart from the 
seven fixed points, of which four lie upon eA—y=0, and four 
he upon «A+yx=0; hence the preceding sextic curves are seen 
to have the seven fixed points as nodes and to pass through four 
other fixed points, all of which he on one cubic curve. 
This surface may be referred to as S,". 


95. The rational quartic surfaces S,? and S,"). 


In addition to the rational quartic surface just considered 
there are two others only, apart from the surfaces which have 
a double curve or a triple point*. For if the surface is 


wef. a 225fs +f; = Q, 
as before its points may be projected from A, upon a double plane, 
the plane_z,; if the surface is rational the points y; of a, are such 


* Nother, Ueber die rat. Fliichen vierter Ordnung, Math. Ann. xxximt. 
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rational functions of the coordinates z; of a simple plane, as 
rationalize 


ViF(y—-A(y fly), or VQ. 


In this mapping of the surface upon the plane of the z;, to plane 
sections through A,, or lines in the y-plane, will correspond, in 
the simple plane, curves of order n, of the same genus as the 
plane sections, viz. two, and intersecting each other in two variable 
points only. Hence if these curves have in common aq, points, 
a, double points, ...a, points of multiplicity 7, we have 


Te? — 2 = Oy tH Mig Ho Mp occ e cece eee e sees (1), 


n(n +8) r(r+1) ‘ 
os 4+ er we eecceeces (2), 


whence we derive 


—l=a,+32,+... 


BW =O, + Blab 20. BWW, «sc cccesccesuns RP 
By use of the quadratic transformation 

Opi 2: By = By 2, 22527": 22¢, 
where. the vertices of the triangle of reference are the three 
multiple poimts of highest order r, s and ¢, these curves are 
transformed into curves of order 2n—-r—s—t, of genus two, and 
which meet in two variable points. The transformed curves have 
three corresponding multiple points of orders 


n—s-—t, n-r-t, n-r-s 
respectively, and other multiple points of the same orders as 
those of the original curve. Since r+s+¢ is in all cases* greater 


* For from equations (1) and (3) we have 
3nr — (n® — 2)=(r—1) a, +2 (r—2) agt+...+(r—-1) a,,. 
n 
3° 
solution of (1) and (3) is n=6, a,=2, ag=8; if n>6 there is no solution. Next let 
r, sand ¢ be not all equal, then if r=t+a, s=t+ , a+0, we have 
n?-2—r*-s?=a,+4a,t+... +t7a,, 
3n 7 —$ =a, + 2ao+... + bay; 
hence (3n —1r — 8) t>n?-— 2 — 72 — 82, 
(3n —2t-—a—f) t>n?— 2 — 2t? - 2t (a+ 8) — a? - p?, 
n?— 2 — a? — 8? 
3Bnta+Bp ” 


If r S83 it is seen that the right-hand side is greater than 2, i.e. r> If r=2 one 


whence t> 
therefore . 
3 (n? — 2 — a? — p?) n (a+) —a?— 87+ aB8-—3 
ee a 3n+a+f8 3n+a+f8 ; 
If 8=0 the numerator of the fraction is positive when n>4; if B+0, since 
n>r+s it follows that n>2t+a+8 and the numerator is positive, i.e. 


r+s+tir>n. 


+a+tB>n+2 
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than », by repeated application of the process we finally arrive 
at curves C,(a,?... @3°b,b,) or at curves c,(a?b,b,...b)*. It will 
now be seen that the curves c,(ab, ...b.) rationalize VQ when 
Q=0 is a sextic curve with a quadruple point, and the curves 
C,(a;?... a,2b,b,) rationalize VO, when 2 =0 is a sextic curve with 
two consecutive triple points. 


The curves c,(a?b, ... dy). 


By hypothesis these curves form a linear system of oo? curves, 
hence there is one member of the system which has a node at 
b, (say), this curve cannot be irreducible, for then its genus would 
be unity and not two as required. Hence it consists of a cubic and 
a straight line; this requires that the eleven points ab, ... b, should 
lie on the same cubic. The system of curves consists therefore of 
linear combinations of the curves 2,¢, z,c and f, where f is any 
quartic of the system, c the cubic through the eleven points, 
and 2, 2. any two lines through the point a. 

It can be shown that this system rationalizes VQ when 0 =0 
is a sextic curve with a quadruple point. For let Q =0 be such a 
sextic with a quadruple point at A,, K =0 a conic passing 
through A, and having four-point contact with 0, L=0 a cubic 
having a node at A; and passing through the four points of 
contact of K and 2; ZL thus contains two parameters. The 
curves 1, — aL?= 0 have A; as quadruple point and touch K in the 
previous four points; if now a be so determined that 1 —al?=0 
passes through an additional point of K =0, it must contain K 
as a factor, 1.e. we have 

Oe LF =I. 
where Af=0 is a quartic curve having a triple point at A, and 
touching 2 in six points. 

Taking A, as the point y,= 0, y.=0, we have 


K=Kyy,+h,, L=hyt+L,, M=M;y,+ M, 
where X, 1s linear in ¥;, Y, etc. 
Now if PYs = 2; (ey — 225rq + ps) = 2, 
PY2 = Sq (237k, — 2Zgro + fs) = 2,N, 
PYs = — (Z5'K2 — 225Xg + pu), 


where «;, Ao, ... are the result of substituting z,, z, for y,, y, in Ky, 


* Nother, Ueber eine Classe von Doppelebenen, Math. Ann. xxxvII. 
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f,,..., we have such a transformation ; so that to the lines of the 
y-plane correspond curves c¢, (ab, ... bj) in the z-plane, the point a 
being A; and the points b; the other intersections of the curves 
37K, — 223,rg+ fy =O, 257k — 2Z,A3+ pe, = 0. 
This transformation rationalizes VQ, for if A(z)=0 be the 
curve corresponding to .=0, then since 
J(2,N, 2.N, 25°k. — 22,5 + ws) = NA (2), 


it follows that A (z)=0 is a sextic curve. 


Moreover, since 
QY) = yvfit fs tfo; 
we have p®Q2. (y) = V4 x power of A(z); 
and the transformation shows that this power is the square; hence 


p VO) = WA (2)*. 


The curves C,(a,? ... a3°b,b,). 


As before, since there are «7? curves forming a linear system 
fit 2+ Bf = 0, the system will contain one curve having a node 
at b, (say), i.e. a curve of genus unity, this curve must therefore 
break up and consist of two cubics of which one passes through 
the ten points a,...a3b,6, and the other through the points 
b,, @,...ag. If f is the former, and f’ any cubic of the pencil 
through the points a,...a,, and @ any sextic of the family, the 
co? sextics are included in the system 


fit aff’ + Bo. 


The transformation effected by means of this system is 


ppr=f?(z), py=S 2) (Z), pys=$(2). 
The curve 2 (y) is, as before, the locus of points y for which the 
pairs of points z come into coincidencet. The curve A (z) which 
corresponds to 0 (y) is the Jacobian of f, f’ and @¢; it is a curve of 
order 9 having a,... a, as triple points and not passing through 
b, or b.. Since any curve of the above system meets A (z) in 
54 — 48 = 6 points, 
any line will meet Q(y) im six points, hence 0(y) is a sextic 
* If a=Degmy—Aghts, 20 =Kopg— Ki My, CHAZK, —Agke, We find that 
p?K=2N (cz3+b), pSL=N*(czg3—a), p'M =—-2N3(bz5?+ 023), 


hence pP/2=pVL?— KM =N2(a+2bz5402,°). 
+ Uebergangscurve, Clebsch. 
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curve. Since 0 (y) and A(z) have the same genus, that of the 
former is seen to be four. 

Moreover, the point ¥,=0, y,=0 1s a triple point on 2(y), 
because the pencil f+ af’ = 0 meets A(z) in three variable points 
only; and since f?+ aff’ = 0 meets A(z) in three variable points 
and fixed points (corresponding to y, =0, y,=0), f? meets A in the 
latter points only, hence the line y, =0 touches each of the three 
branches of Q(y) at the triple point and hence meets 0 (y) only 
at that point; therefore 0 (y) has an equation of the form 


YP Ys ete YY Ys" Qs ain WY3sVe a Qs =0 
where Q; 1s of order 7 in y;, Y2*. 
Applying the transformation to 0 (y) we find that 
p°Q (y) 1s equal to f*(z) x some power of A (2), 
and this power is seen to be the square, hence 


pO (y= {FP iA ()} 


The transformation, therefore, rationalizes VQ (y). 


96. The surfaces S,”. and S,". 
It remains to determine the surfaces S, which arise from the 
two preceding cases for 0 (y), i.e. S, being 
nate (a, Xo, 25) te 224 fs (x, Lo, H3) +f; (x, XQ, £3) = 0; 


the preceding results require that the curve 2 should either 
have a quadruple point or two consecutive triple points, where 


2 (W=fey) -—f y)frly). 


Now writing 
fos “ae +2,A, + As, 
Js = Bus + 2°B, + «,B,+ Bs, 
Siz yas + 230, + 220, + 2,0, + C,; 


(1) If © has #,=0, 2,=0 as a quadruple point the following 
identities must hold: 


8? — ary =0, 

2BB, — aC, — yA,=0, 

BY + 2BB,—«C,— A,C,— yA,=0, 
28.B,+ 2B, B,—aC,— A,C,—- A.C, = 0. 


* The absence of the term y,y;y° gives rise to two consecutive triple points; 
thus making the genus of Q(y) four, as required. 


6 
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By considering the possible values for a, 8, y we obtain* when 

a+0, 8 =0, y=0, the surface 
S, = ee (x, co B,Y + Xs; (a, + B,) Cae pepe A, Vs + 2B; 
+ 22A,+2x”,B,4+C,=0; 

a surface having a tacnode in 4=a#,=2,=0, ie. the surface 
already arrived at. 

For a= 8=ry=0 we have surfaces with either a double line 
or a triple point and therefore excluded. 

For a= B=0, y+0 we obtain either a surface with a triple 
point or the surface 

8,2 =(a,B, + v2) + (a,B, + 2,7) aC, 
+ 20,B, + 22C, + 2,03 + C, = 0. 

(2) When 2 has two consecutive triple points, and hence an 

equation of the form previously given, we obtain the identities 


8? — ay = 0, 
2BB, —aC,—-vyA,=0, 
B?+2BB, — aC,—A,C, —-yA,= 0, 
2BB, + 2B,B,— aC, — A,C,— A.C, = x3, 
B? + 2B,B, — aC, — A,C, — A.C, = 27Qn, 
2B,B,—A,C,— AC, = 2,Q,. 

By examining the various possible cases we are led to the one 

surface 
8S, = a2a? + 2a, (732,D, + Bs) 
— 030, + 0° C, + 2,0, + C,= 0. 

The surfaces S,%, S,®, S,® are thus the only rational quartic 
surfaces apart from such surfaces as have a multiple curve or a 
triple point. 

* See Nother, loc. cit., p.152. The reader is referred to this important memoir 
for details of the mapping of these surfaces on the plane. 


CHAPTER Ix 


DETERMINANT SURFACES 


97. The surfaces of the second and third orders may have 
their equations expressed in the form A=0, where A is a deter- 
minant having respectively two and three rows, and whose con- 
stituents are linear functions of the coordinates. In the case, 
however, of surfaces of the fourth order, the surface A= 0, 1.e. the 
surface whose equation 1s 


where the p,, etc. are linear functions of the coordinates, depends 
upon thirty-three constants, one less than the number connected 
with the general quartic surface. For A contains sixty-four 
constants, of which one may be taken to be unity, and if we 
multiply A by two determinants of four rows, whose elements are 
arbitrary constants, first by rows and then by columns respectively, 
we introduce thirty new arbitrary constants; the number of 
disposable constants contained in A is thus seen to be 


63 — 30 = 33. 


The surface A= 0 may be obtained in two ways as the locus 
of points common to four collinear systems of space, viz. either by 
aid of the equations 

Mp2 + AeQe+ Asa + Sz = 0 
Ay De + A OCODDOOCGODUCOOODOUUUUL => 0 
ope A PO eee 1), 
My Px + ee ercesvvcccecseeccce = 0 ( ) 
Nie AP «om eens ass = 
J. Omsk ll 
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by elimination of A,...A,, or similarly by elimination of @,... a, 
from the equations 


Ay Dy + py’ + Aspy + apy” =0 


Cie F- ait« » «iste. «00s css = 0 
Baie Wei oo. carne «haga — > (2); 
ASy a Cee ecteenscenreceanosee = 


the resulting surface being in each case 
| pqr’s” |= 0, 
If we introduce an additional equation 
MA + Ad + Age + A,d =D, 


where a...d are constants, the equations (1) give rise to four 
collinear sheaves of planes ; the points in which four corresponding 
planes intersect form a sextic curve lying upon A, viz. 


oe » c«.a 


This set of 0 * sextics will be denoted by «&. 
Similarly we obtain the oo * sextics kg, viz. 


Py Py Py Py 


@eeaeoee+eeoeeoe oe oeoeoeeoe ee 


Me. RC . . - |=. 
Sick. » ft Wt aya 
A So UC, 
Any two curves c, k, lie on the same cubic surface, viz. 
Te c. w 
: er. eo B 
“oot... Sz; C |=0 
re cee. s.. DB 
abed 0 


Any two curves c, intersect in four points, since this is the 
number of solutions common to the equations (1) and the 


equations 
Na+... ¢rA,d=0, A,a +...+A,d =0; 


for eliminating the 2; from equations (1) we obtain what may 
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be regarded as a quartic surface in the A; which meets the line 
given by the last two equations in four points. 

Similarly any two curves & meet in four points. 

Any two of the preceding cubic surfaces will meet A in curves 
Ce, ke; Ce, ke ; hence if mis the number of intersections of c, and k;, 
we have 2m+8=36; hence m= 14. 


98. Correspondence of points upon the surface. 

The preceding equations (1) and (2) establish a (1, 1) corre- 
spondence of points upon the surface; for by aid of the equations 
My Pe + Ade t+ AghetAgSz =O, Py + Py + Op" +a,py” = 0, 


Ay Px Se en Aye PA A = QO, Q, Py Big os eases ese se sssenrsboree = » 
2, ae a eee ree o> oe eee = 0, 
ae + cece cecsceesceeccccce = Q, a) Sy + Corer roceceecceeercecoce = 0; 


and also of the equations 
MP, + AeQs +A;f, + AS, = 0 
Ame oe eC elelele oe «e(6 cle eeleics eee = 


Ay P, “Hee «Ses. Seen meee — 0 Be (3) e 
ol a = 
where P, = ap, + Gp’ + O,p," + ap)”, ete. ; 


having given any point # of the surface, a set of values of the A; 
are determined and hence one set of values for the ;, and finally a 
point y of the surface. 

Regarding the A; as point-coordinates, and also the a;, it is 
seen that by aid of these equations we pass from a point x of A to 
a point A of a quartic surface =, and thence to a point a of a 
similar surface >’, and finally to a point y of A. 

Hence as the point » describes a plane section of the surface &, 
the point « describes a curve c, of A, and the point a describes a 
curve cs of &’. The point y describes on A a curve which, as seen 
in the next Article, is of the fourteenth order. 

If A is a symmetrical determinant, i.e. if 

p=q, p=r, p’=s, ete, 
the surfaces =, &’ coincide, A becomes the surface known as the 
symmetroid (Art. 8), and = the Jacobian of four quadrics. 


99. Trisecants of c,*. 
Effecting any linear substitution for the A; merely alters the 
form of the pz, etc., hence any curve c, will be represented by the 


* Schur, Math. Ann, xx. 


11—2 
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curve obtained by taking A,= 0 as the linear relation connecting 
the X;; this gives the sextic curve 


P---?p 
7 -_ = 0), 
eek 


will be coaxal if equations (3) are satisfied with », equal to zero; 
and since c, may be written in the form 


a, 0 ae & +a,p” p p” p” 








the axis of the three planes will intersect c, in three points, viz. 
where it meets the cubic surface 
| pg’r” |= 0. 
This axis meets A in a fourth point y for which, in addition to 
equation (4), we have the equation 
Sy +... +O,Sy” = 0. 

So that any pont «x of c, determines one set of values (Ay, Az, Az; 9), 
and hence one set of values for the a; which makes the planes (4) 
coazal, and therefore one trisecant of c,; this line meets A in a 
fourth point y, viz. the point which corresponds to x. 

As «x describes c,, these trisecants form a ruled surface of the 
eighth order whose intersection with A is c, counted thrice, together 
with a curve of the fourteenth order, the locus of the points y. 

For two of the planes (4) being 


WL + YaPot YsLs + 4,P,= 0, 
Yi 0; + eceeececercecececccree = 0, 
their intersection will meet any line px if 


pn (P19, — P,Q:) + pu(PsQ — PQs) +... =, 
where the a; which occur in the P;, Q; satisfy the equation 
i? 


Q ||=0. 
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Hence the points a which give the number of trisecants which 
meet the line pz are apparently twelve in number, but of these 
points four are those determined by the equations 


E 
Q 


and these points do not in general satisfy the equation 
Pw (PR, — P,R,) + oon = 0, 


and hence must be excluded. The ruled surface is therefore of 
the eighth order. It meets A in c,, and also in a curve o whose 
intersection with any plane A,=0 is equal to the number of 
intersections of 











/=0, 


P 
Q ||=9, 
R 

and iP OQsS4 | = 0, 


excluding again the four points 








|e 


since the four planes 
4 4 4 4 
Eyer :=0, 2y,h;=0, SyS8;=0, 2y:A;=0, 
1 1 1 


in which the coordinates of one of these latter four points @ are 
substituted in the P;, R;, S;, do not in general concur. 

Hence the order of o is 18 -4= 14; and ¢, is a triple curve on 
the surface formed by the trisecants. 


100. The Jacobian of four quadrics and the sym- 
metroid. 


The determinant A becomes a symmetrical determinant if 
between its constituents there exist the identities 


(fe => = Ce ae +f 
Pa =Qx, Pr =x, ++» Te =Sz. 


The surface 2’ or | P:Q;2;S; | = 0, is the Jacobian of four quadrics, 
for it is seen to be a consequence of the above identities that 
P;, Q;, R;, S; are the respective partial derivatives of a quadratic 
expression in the quantities a. The surface >’ is easily seen to be 
identical with >. By change of notation, replacing 4; and a; by 


=~. 
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x; and ¥; i + | the =e equations (3) may therefore 


be written, if P; =i 0;= at, ete, 
i=4 *. : 
ZO ae 0, (j=1, 2,3,@); 


they express that the polar planes of the point a; for the four 
quadrics S,, S., S;, S, meet in the point y, and reciprocally; we 
have therefore determined on the Jacobian of four quadrics a 
connection between pairs of its points; they are termed corre- 
sponding points on the Jacobian. The previous equations (1) and 
(2) may be then written, replacing 2, %;, ¥:;, % by %, a, Bi, Yi 
respectively, 


OS, oS, ON ON, 
1 Ba; ch 2 a5, de eee (7 =1, 2, 3, 4); 


pa 5,24 +A, = a + BG =O, (j=1, 2,3, 4). 


Regarded as arising from these last equations the Jacobian 
may be defined as the locus of vertices of the cones included in the 


4 
set of oo® quadrics Ya;S;= 0. 
1 


The surface A arising from elimination of the a; (or y;) is 
called the symmetroid* ; its equation may be written in the 


form 
Ta Fiz du Tis 
fi fa fo fu |g 
Sis fos Sos Sos 
Sis fou Sos Ses 


being derived from the last equations, which may be written 
t=4 t=4 
Zaife(a)=0, Zyifi(B)=0, (j=1,2,3,4). 


It is to be noticed that these equations establish a (1, 1) 
correspondence between points a, @ of the symmetroid through 
the intervention of a pair of corresponding points, a, y, on the 
Jacobian. 

The Jacobian has ten lines and the symmetroid ten nodes. 
To show that this is the case, if we write Sa,S; = Xayza;4;,, the 


* Cayley. 
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condition that Sa;S;=0 should be a pair of planes requires a 
threefold condition between the coefficients az, and the number of 
solutions in the quantities a; is equal to the number of pairs 
of planes. Establishing between the ag six arbitrary linear 
relations gives a ninefold relation sufficient to determine the 
quantities az. Taking these six relations to express that the 
quadric should pass through any six given points, the problem is 
reduced to determining the number of plane-pairs which pass 
through six given points and this is clearly ten*. 
The axis of such a plane-pair clearly lies on the Jacobian, hence 
this surface contains ten lines. 
For such a point a; the four planes 
0 
Bar; 2a S; = 0, 
or Xa; Fu=9, 
% 
are coaxal, hence all the first minors of | f, | vanish for this 


point, which is therefore a node on the symmetroid}; hence the 
symmetroid has ten nodes; to each node a one line of J corresponds, 


101. Distinctive property of the symmetroid. 

The tangent cone of the symmetroid whose vertex is at a node 
splits up into two cubic cones. For taking a node as the vertex A, 
of the tetrahedron of reference for the a;, the equations giving the 
surface may without loss of generality be taken to be 


O ‘ 
a {ay (my? a >) + A,So + a; Ss = a,S,} = 0, (2 i | Z, 3, 4). 


The equation of the surface is then 

w% + fa he is Fu 

Kis a; +f; 22 Iss f: oA 

Ss fs fas Sus 

hus Ju Sas J 44 

wherein the jf are linear functions of the coefficients of S,, S;, S, 
and the variables a@,, a, a. 
This is, when expanded, 


Tos fxs 
Tos Ss 


= 0, 


a, 








+4, {Fy + Fo} + A=0, 


* Cayley. 
+ Since the tangent plane of the surface at the point is seen to be indeter- 
minate. 
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where A is the determinant | fg | and Fy is the coefficient of fx 
in A. The tangent cone from A, is therefore 


(Fy + Fey = 4A 3 > ; 





Tos Ts 


but from a known property of determinants 


Svs Iss 


FP Fa — Fe = A : 
Fos Sus 





hence the tangent cone is 
(Fy - F.y +4 v= 0, 


and thus consists of two cubic cones*. 

It was seen that if the tangent cone whose vertex is one node 
of a ten-nodal quartic surface breaks up into two cubic cones, then 
the tangent cone for every other node will also break up into two 
cubic cones (Art. 8). 

In forming the Jacobian surface determined by any four quadries 
we may suppose these quadrics replaced by any four pairs of 
planes belonging to the system ; and the general Jacobian surface 
is formed by aid of any four pairs of planes. The surface there- 
fore contains twenty-four constants; hence so also does the 
symmetroid. The number of constants determining the sym- 
metroid is also seen to be twenty-four from the fact that this is 
the number of arbitrary constants remaining after expressing that 
the surface has ten nodes. 


102. Construction for the tangent plane at any point 
of the Jacobian of four quadrics. 


The vertices of the cones included in the system a;S; are 
given by the equations 


OS, OSs OS; OS, _ 


1 a, +a + aa to ‘On, = Q, 
aS, - 
ae ab & 6 616 0.0 5 60.0 0.0 ule elere eens =i), 
aS, “ 
dile/d wwe oraieve- 00-16 aipnaiotel trials ae 0 


* Cayley, Coll. Math. Papers, vu. 
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Let y be the point corresponding to x on the Jacobian; 
differentiate these equations and multiply the results respectively 
by y, ... ys, then by addition we have, since 


i=4 
Sys = 0, (j=1, 2, 3, 9), 
4 
a2 yds +aSyde™ +a,2yid = oe 1 EY dg = 0 
1 Ly 0 
which is seen to be the same as 


a8, oe. .. 0s, a8, 
a da; = eee. ‘he +a, dx rs 


But the polar plane of y for the cone of the system whose vertex 
1S # 1s 


= 0. 


8, se Ms, a se ove Me 
a, LE; Oy; +a,2&; Ovi os as LE; Oy; “i a, dé; Oy; = Q, 


it passes through #, and, from the preceding equation, through 
every point on the Jacobian consecutive to 2; it is therefore the 
tangent plane to the Jacobian at the point «*. 

Hence, the tangent plane of the Jacobian at any point P is 
the polar plane of P’, the corresponding point, for the cone of the 
system of quadrics whose vertex is P. 

Two geometrical definitions of the Jacobian of four quadrics 
have been already obtained: since the line joining two corre- 
sponding points is divided harmonically by any quadric of the 
system, then assuming arbitrarily any six pairs of corresponding 
points, the surface may also be defined as the locus of vertices of 
cones which divide harmonically six given segments}. Two other 
definitions arise as interpretations of the equations 


9,25: 9 OSs 4 9 28s 5 9 28: 
Oa, Oa; 73 Bo. On; 


viz. that the surface is the locus of points of contact of quadrics 
of the system, or that it is the locus of points which have the 
same polar plane for any two quadrics of the system. 


(¢1, 2, 3, 4), 


103. Cubic and quartic curves on the Jacobian. 
When the point x describes any line of the Jacobian surface, 


its corresponding point y describes a twisted cubic on the surface : 


* See Baker, Multiply Periodic Functions, p. 68. 
+ Cayley. 
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for let #;=a;+ pb;, and P,}, P,?, P,3 be the polar planes for any 
point a of three quadrics of the system; the locus of y as given 
by the preceding equations is derived from 


Pit pPi=0, P&+pP?=0, P&+tpPi=0; 


giving a twisted cubic: this cubic will not intersect the locus of « 
but is seen to intersect any other line on the surface twice*. 
There are ten of these cubics; they are connected with the 
preceding (1, 1) relationship between points a, 8 of the symme- 
troid, which is seen to have exceptional points in that to each 
node a; of the symmetroid there corresponds a curve the locus of 
8:, which is of the ninth order and has double points at each of 
the other nodes. For, taking the node as the vertex A, of the 
tetrahedron of reference, to A, there corresponds a line on the 
Jacobian, to this a cubic on the Jacobian, and finally to the latter 
a curve passing through each of the other nodes twice. To find 
the order of the curve, the locus of 8, we may take its section by 
the plane 6,=0; the number of points of section is equal to the 
number of intersections of the cubic curve 


C= A+ pb, Ze so 0, (7 = 2, 3, 4), 


with the sextic curve 





aS, as; "os “ | 
ay,’ Oya’ OYs’ OY = 0, =, oe 














and these are seen to be the nine points of intersection of this 
cubic curve with the cubic surface 


ES OS; 
Oy; | 


Another set of cubic curves on the Jacobian arise as corre- 
sponding to plane sections of the symmetroid through three 
nodes ; these curves intersect the three corresponding lines on the 
Jacobian twice; there are thus 120 cubics of this kind. 

To a plane section through two nodes of the symmetroid 
correspond on the Jacobian two lines and a twisted quartic, inter- 
secting the two lines twice. These quartics may be determined 
analytically as follows: taking the plane-pairs which respectively 


(i, j= 2, 3, 4). 





* This is seen by taking the quadric S, as the pair of planes intersecting in 
another line of the surface. 
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meet on the two lines as wv, w’v’ and S,, 8S, any two quadrics of the 
system, the Jacobian is derived from the equations 





a,v $022? + ao = 0, 
aU a +4, 24 = 0, 
a.u + =i + cabs = (), 
agi + ay Oo + 04 Oat = 0, 
If in addition we have the relation a, = ka,, then writing 
ve =e 6, = é, 


the foregomg may be written 

68,+k6S,=0, 8S; + kd’S, = 0. 
This gives the Jacobian as the locus of oo? quadri-quartics, each of 
which twice meets the lines (wu, v), (w’, v’) (and no other line of 
the Jacobian). 

Any quadric through such a quartic meets the Jacobian in 
another quartic which twice intersects each of the remaining 
lines of the surface. In this manner we obtain forty-five pairs of 
systems of quartics on the surface. 


104. Sextic curves on the surfaces. 

The points y; of the section of the Jacobian by the plane a, = 0 
have as corresponding points z;, the points of the curve 
OS, OS, OS; OS, 
an;’ Gary? Aare” Bary? 
This curve has the ten lines of the surface as trisecants*. 

The locus of associated points a; on the symmetroid is a curve 
of the fourteenth order passing three times through each nodef. 
For the number of points of section of this curve by any plane 
b, = 0 is the number of intersections of the preceding sextic with 
the sextic 


0, GEST, 2, 34). 














{ 
} 


| 


* This is easily seen by taking S, to be the pair of planes which intersect in one 
of the ten lines. 
+ See Art. 99 for the case of cy, in the general surface A. 


OS; dS; OS; aS; 


Ox,’ Ox,’ Ox,’ 02,’ 





b; = (), =a, z, 3, 4) ; 








a 
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and the number of intersections of these curves was seen to be 
fourteen (Art. 97). Since the sextic curves lie on the same cubic 
surface, the latter sextic does not meet any of the ten lines. 

Ge, 0a,” 


may be represented by the equations (Art. 99) 


b;|| = 0 








Again the curve 








On, + Be ‘eo 
OS. ON, 
a “Onno +1 ee 


hence it is the locus of vertices of cones of the system 
AS, + agS3 + AS,, 


ie. the locus of vertices of cones which pass through eight 
associated points. 
The locus of the points 8; when a, = 0, is the sextic 


ll fa See Tiss ius a; 1 = 0 


which passes once through each of the ten nodes. On the sym- 
metroid the curves c, and ks are of the same kind, each passes 
through the ten nodes, they therefore intersect in four other 
points. 


105. Additional nodes on the symmetroid. 


If S,, S,, 8; and S, have a common point, by taking it as a 
vertex of the tetrahedron of reference we may write 


Gy = 6, = cp =a, = 0 


in the equations of the respective quadrics, so that the highest 
power of 2, involved in the Jacobian is the second, hence this 
point is a node on the surface. Moreover f{,=0 in the equation 
of the symmetroid, so that each term of the equation of this 
surface contains as factors two of the expressions f2, fi; and fu; 
hence the intersection of these planes is an additional node on the 
symmetroid. 

Similarly if S,...S, have two, three or four points in common 
we have additional nodes arising on the symmetroid. Take the case 
in which the quadrics have two points in common; if they are the 
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vertices A,, A, of the tetrahedron of reference we have f;, = fy = 0, 
and it 1s seen that the plane 7, =0 is a trope of the symmetroid, 
also that the line joining the two nodes on the Jacobian lies on 
the surface. Hence if the S; have k common points (k= 1, 2, 8, 4) 


k(k—1) 
2 


the Jacobian has 
k (k —1) 
2 


additional lines and the symmetroid 


tropes. 
If k= 4 the equation of the symmetroid assumes the form 


Vfiofut Vs fat fuss = 0. 


The condition that this surface should have an additional node 
was seen to be the existence of an identity of the form 


A fio + A’fa + Bhs + Bos + Chis + Ofes = O, 


where 4 A’= BB = CC" (Art. 12). 
This condition may be written in the form 


A: BF Bee FO OO aes, : Gyee: CCl 20gOR: Cyucy 2 0z0y, 


the c; being constants. 
On reference to the values of the fz, if we take S,= Sayza; zz, 
1+ k, ete., the preceding identity is seen to lead to the equation 


G20 Co + Azz Cg Cy + Ayg Cy Cz + AogCoCy + Ay4C Cy + Gog CoCs = 0, 


with three others obtained by writing respectively by, cx, d; 
for az; and these equations express that the quadrics 8,... 8S, 
have an additional point c; in common; hence the Jacobian has 
an additional node. If the number of common points of the S; 
is six, the symmetroid has sixteen nodes and is therefore a 
Kummer surface; the Jacobian has then twenty-five lines in all, 
viz. the original ten and the joins of the six additional nodes 
(Art. 2). 


106. Weddle’s surface. 
The Weddle surface is the locus of vertices of cones of the 
4 
system %a;S;=0, where S,=0,..., S,=0 are quadrics having 
1 


six points in common. Hence the surface is the locus of vertices 
of cones which pass through six given points. From the definition 
it is clear that the surface contains the fifteen lines joining the 
six points in pairs and also the intersections of the ten pairs of 
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planes which can be drawn through the given points. The surface 
therefore contains twenty-five lines*. Since through each of the six 
given points five lines of the surface pass, each of these points is a 
node of the surface. Since the quadrics have six common points, 
there are three linearly independent quadrics containing the twisted 
cubic through the six points; through P any point of the surface 
draw a chord of the cubic meeting it in Z and M, the chord 
will meet the polar plane of P for each of these three quadrics 
in the same point P’, viz. the fourth harmonic to P, L and M; 
hence the line joining two corresponding points (Art. 100) P and 
P’ of the surface is a chord of the twisted cubic and is cut 
harmonically by it. 

Since any chord of the cubic is cut harmonically by the 
surface, any tangent to the cubic meets the surface in three 
consecutive points, and hence the cubic is an asymptotic line of 
the surface. 


107. Parametric representation of the surface. 


The coordinates of any point on the twisted cubic may be 
represented in terms of a parameter @ by the relations 


G2, 2% 1 a= FP: PB: 8:1. 
If A, B are any two points on the twisted cubic having parameters 


0, d, then if L, M are the two corresponding points of the surface 
on A, B their coordinates are given by the relations 


Ly 2 My: By 2 X,= ME + nd : mF? + nd?: MO tnd: mtnt; 
since L, M divide A, B harmonically. 
Let Sa,a;7,=0 be any quadric through the six points, then 
L, M are conjugate points for this quadric; expressing this fact 
we at once derive the equation 


M? (ay, 68 + 2a. F +...) = 0? (Ang + 2aed? +...)5 
also if 6,... 0, are the parameters of the six points, then 
09,5 + 2a,,0,5+...=0, 
with five similar equations; it follows that 


ee 
mf (@)’ 
where f(a) = (a — 0,) (a— 0.) (a — 5) (a — 4.) (a — 05) (a — &). 
* See Art. 2. + Richmond. 
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Hence the points of the surface are parametrically represented 
by the equations 
Uy + Uys Xz3. XM, 
2. _* p? "® vo) 1 ad we 
VFO)" 7H) FO" VFS) FO TH) FO FSH 


108. Systems of points on the surfacef. 


If we represent the quantity (/0° + m&@ + 6+ p)/f (6) by F'(@), 
then #'(@) — F'(d) = 0 1s the tangential equation of a pair of corre- 
sponding points on the surface. Let 0, ¢, 4 be the parameters 
of any three points on the twisted cubic; they give rise to three 
pairs of points 

aa=F(d)—-Fb), BR=ER(Y)-FO), =F) - F(¢) 
connected by the relation 
aa’ + BR’ + yy’ = 0. 

This shows that the six points lie by threes on four coplanar lines, 
ie. are the vertices of a plane quadrilateral. Moreover if aa’, 
BB’ are two pairs of corresponding points in a plane, they are 
conjugate for all quadrics of the system; hence the remaining 
two vertices of the complete quadrilateral of which they are 
vertices are also conjugate, and therefore are corresponding points 
on the surface. Any plane meets the twisted cubic in three points, 
showing that there are only three pairs of corresponding points 
on the surface in any given plane. 

If 0, ¢, y+, x are parameters of any four points on the cubic, 
we obtain six pairs of points 


av=F(¢)—-Fpb), «=F (0)— F(y), 
BR=F)-FO), yy = F(¢)- FY), 
yf =F (0)-F(g), 22 = P(b)— F(x): 
whence arises the relation 
adan’ + BB’yy’ + yy'22' =0, 
showing that the tetrahedra whose vertices are (a, a’, 2, 2’), 


(B, By, y'), (y, 9, 4, 2’) respectively form a desmic system 
(Art. 13). 
* For another method of obtaining these equations see Bateman, Proc. Lond. 


Math. Soc., Series 2, Vol. 111. p. 227. 
+ See Bateman, loc. cit. 
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Conjugate quintic curves on the surface. 


Let S, S’ be two consecutive points on the twisted cubic 
through the six nodes, A any other point on this cubic; then 
the sides of the triangle RSS’ will meet the surface again in three 
pairs of points PQ, P’Q’, TT’ lying by threes on four lines. Hence 
PP’ and QQ which are ultimately tangents at P and Q intersect 
in a point 7’ on the surface, and since the corresponding point 7” 
ultimately coincides with S, the polar planes of S with regard to 
quadrics through the six nodes meet in the point 7’ which lies 
upon the tangent at S. 

As R moves along the cubic the point 7’ remains fixed, the 
points P, Q describe the curve of contact of the tangents from 7’ 
to the surface. 

Again if U be the point derived from # in the same way that 
T was derived from S, and Ff is fixed while S varies, the points 
P, Q will describe the curve of contact of the tangent cone from U; 
TP, TQ are the tangents at P and Q to this curve of contact. 
Now UP, UQ are generators of this cone; hence PU, PT are 
conjugate tangents to the surface at P; thus the curves obtained 
by keeping one point on the cubic fixed form a conjugate system. 
To find their order we insert the coordinates of P in any plane 
Ya;x;=0; if 6 be constant we obtain 


(a, 08 + a,67 + a3 + a,)* _ (a, 6° 2 ang? ot asp “F a4)? 
F (8) I () 


which is a sextic in ¢, but rejecting the solution @=@ we obtain 
five as the number of points of intersection with any given 
plane. 

As in the case of the Jacobian of any four quadrics the tangent 
plane at any point P of the surface is the polar plane of the 
corresponding point P’ for the cone of the system whose vertex 
is P. It is determined analytically as follows: the plane 


(x, + MX, + nx, + px, = 0 
will pass through the point (@, @) on the surface if 
P+ mP+nO+p_ lg?+ mp’? +nd + p 
VF (8) VIP) 


It will pass through the consecutive point (0+ 66, 6+ 6¢) for all 
values of 60 : 6¢ provided that 
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0 (= + m@? + nO me P) o 


06 vf (4) 
a (Eee are te) a 
op vf (d) 


and will then be the tangent plane at (6, ¢). 
These equations show that if @ has a given value and ¢ varies, 
the tangent plane always passes through the point 





yet og Lye 4 = a(ss5) al =| 5 (=) ala): 

CONF Gy CB NFR)! 8 WF (By 98 WF (0) 
If in the preceding, S is the point 6, then the coordinates just 
given are those of the point 7. It is easily seen that the locus of 7' 
is a rational curve of the seventh order. 

It follows from the preceding equation of the tangent plane 
that the equation of Weddle’s surface in plane coordinates is 
obtained by expressing that the equation 

(162 + m& + né + p)?— kf (0) =0 
should have two pairs of equal roots for some value of k. 

The differential equation of the asymptotic lines may be 
arrived at in the following manner: the tangent plane at (6, ¢) 
will pass through a consecutive (6+ 50, 6+ 8) if 

562 0? [= +m + n8 + Po ae + md? + nd + eI. 

yee | mgt a | EP 
= VT (9) o VF ($) 
Also, since (lmnp) is a tangent plane, we may write 
= + ma ene + Bl i: (a— 0) (x — bP (a — a) (a — 8) 
VF (a) 7 Ff (@) 
Differentiate this equation twice with respect to # and then write 
x=@; since 


é {= + m@? + n@ +2} 


a0 Vf (0) 
we obtain 
lL + m6? +n64+p o (1+ me+ nb +p 
2) Ja VF (9) 
_ 9 (8-4) (0-0) (6-8) 
I (?) 


together with a similar equation in ¢: hence the differential 
equation of the asymptotic lines becomes 
(@—a)(9— 8) (p—2)(6—8) 
“=o dg’, 
7) rg) ® 
J. Q. S. 12 
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where a and 8 may be regarded as defined in terms of 8 and ¢ by 
the fact that 


kf (x) + (a — OY (a — oP (@ — a) (@ — B) 


is a perfect square. 


109. Forms of the equation of the surface. 


The surface being defined as the locus of the vertices of cones 
through six given points, let pz denote the coordinates of the line 
joining « to the point a, and gx the coordinates of the line joining 
x to the point 6, the other given points being the vertices of the 
tetrahedron of reference. Then since the six lines (2, a), (a, b), 
(a, A,)... (x, A,) le on a quadric cone, the anharmonic ratio of the 
pencil formed by the planes (p, A,)...(p, A,) is equal to the 
anharmonic ratio of the pencil (g, A,)...(g, A,). But these two 
anharmonic ratios are determined by the ratios 


Pre Psa > Pis Paz > Pris Pos 
and Mia Ysa > Vis Yaa > Yis Yas 
respectively ; hence the equation of the surface is 


Ps Pos _ a Go 

PisPs2  Qi3 Yae 
The surface may therefore be defined as follows: if B,... B, are 
six given points, then the locus of a point P such that the 
anharmonic ratio of the four planes 


(PByB,), (PBB), (PBB), (PBYB,) 
is equal to that of the four planes 

(PBB;), (PBB), (PB,B;), (PB,Bs) 
is a Weddle surface which has B,... B, as nodes. By von Staudt’s 
theorem, this may also be stated: if the anharmonic ratio of the 
four points in which PB, meets the faces of the tetrahedron B,... Bg 
1s equal to that of the points in which PB, meets this tetrahedron, 
the locus of P 1s a Weddle surface with B, ... B, as nodes. 

a;b; 
av; 
writing x for «in the px, qu of equation (1) merely interchanges 

the right and left sides of the equation (1). 


The point 





, or a’, 1s seen to lie on the surface; since 


* See also Hierholzer, Ueber Kegelschnitte im Raume, Math, Ann. 11., and Ueber 
eine Flache vierter Ordnung, Math. Ann. tv. 
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The coordinates of the line joining a and 2’ are seen to be 


asa apn - a 
i if this line intersects the line joining 6 and 2, or q, we 
iL, 


must have 
G12. Ja4 (Ay Wes + AzQy2, 2.) +... +...=0; 


which we may write in the form 


Fs2Q129's4 5 Fisdis Jae + Ps Qra Qos = 0. 

Now expressing the px in terms of the a; and a; in equation (1) 

we obtain 

G13 Fao (F's - F’,) — Nes (Fi = Fy) = 0, 
that is F942. 9s4 + Fis Gis G2 nis F914 903 = Q, 
since Qi24as + QisQae + Yudes = 0. 

Hence the line (a, 2’) intersects the line (6, 2). Expressing 
that these four points are coplanar we obtain as the equation 
of the surface 

Ty Xs Xs aw, 
of. =. ae ere (2). 
in 2) & ee a 


BS by be) CD, 


The surface is thus seen to be completely determined when the 
six nodes are given. It therefore depends upon eighteen constants. 
The conditions of possessing six nodes and of containing the joins 
of five of them require a surface to be a Weddle surface; for the 
number of constants of the surface remaining arbitrary is 
34 —6 x 4-10, 

which is zero. 

On the surface there lie two systems of quadri-quartics, viz. 
those given by the equations 


Pre Pss = APs Pao» 12 Yas = AG Yao 5 
and therefore the intersection of two cones passing through four 


nodes, and having their vertices at a and b respectively ; and those 
given by the equations 


PrP = W299, Ps Pao = #913922 5 
which represent two quadrics through four nodes. 
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The point z’ lies on the curve of the first system determined 
by the point 2 The curves of the first system include, as a special 
case, the line joining the nodes a and 6, together with the twisted 
cubic through the six nodes. 


110. Group of thirty-two points on the surface. 


It was seen (Art. 109) that the lines (a, x) and (0, x’) intersect; 
denote their point of intersection by X, so that we have 


part Kx; =2;,, ob; +TA;=&;, (= 1,.2e) 


3 


and since 2;7; = a,b;, it follows that 
(pa; + «X;) (ob; + 7X;) = a;b;, (= 14 4), 


These last equations express that the point X lies on the surface. 

Similarly, the lines (a, x’) and (b, 7) meet in a point X’ on the 
surface, such that X;X;/=a;b;. This leads to a system of twenty- 
two points on the surface; viz. the point x, six points such as 
X, X’ on the lines joining the six nodes to a, and fifteen points 
such as «’, viz. one in each plane through a pair of nodes and the 
point x From any one of these points the remainder may be 
derived. 

Another system of ten points connected with these twenty-two 
points is obtained as follows: the nodes being N,...N,, then 
denoting the remaining intersection of the line (Nj, ~) with the 
surface by (V,), and the remaining intersection of the line {NV,,(,)} 
with the surface by (N,N,), and of {N;, (V,N.)} by (NV,.4N3), 
it will be shown that the points (N,N,N) and (N,N;.N,) are 
identical. 

To show this we have to find the coordinates of the point in 
which the line joining a vertex of the tetrahedron of reference 
meets the surface again. Denoting by A(x) the determinant 


Se By My 

Gs dy te bh, 

b; b; by 
it is easy to see that Aj (w) : Ay, (x) has the same value for each 
set of suffixes 7, 7, k; denote its value by — H (a). 


The equation to determine the point x,,, in which the line 
(a, A,) meets the surface, is 


,? Nosy (&’) + ay {...} — Ab, Nog, (2) = 0; 
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hence the coordinates of #4, are as the quantities 





b 
H(a)— ee: Oy: oy 
Ly 
i.e. NOG, + Di 28s > 05; 


also since H(«)= H (a4, ), the line (a4,, A,) meets the surface in 


the point 
a Hl (a): a8 (@) 2 ey: 2%; 


finally the point (A,, As, A;) has the coordinates 
Ge ey re ae) * aig LD (an) : ay. 

Moreover the line (A,, z’) meets the surface in a point whose 

coordinates are 
oy es MS eT (2). 

Hence (A,, A,, .A;)=(a, b, A,), since H(x) H(x’)=1. We thusarrive 
at a closed system of thirty-two points on the surface, from any 
one of which the others may be derived. 


lll. Cartesian equation of the surface*. 


If we take four nodes as being situated at the origin and at 
the points at infinity of the (Cartesian) axes of coordinates, the 
others being A and B, the equation of the surface assumes the form 


Gib; Gaby dsb; 


ey 
(LSS 1/=0 
Gh Se ere eee il 
Re eee 1 


If the point P, or x, be joined to the points at infinity on the 
axes and to the origin, these joining lines will, as has been seen, 
meet the surface again in the points 


{" (a), Le» ah, {e., OT (2), at, 


1 Le 





{a Lo, 2 H(w)}, leon) ET, is /H, 2, /H}. 


x 
Let X be the point in which the line PB meets the surface 
again, then transferring the origin of coordinates to A, the new 
coordinates of z, O, and BL respectively are 
Lj—-Q;, —a;, b:—a,;. 
* Baker, Elementary note on the Weddle quartic surface, Proc. Lond. Math. Soc., 
Ser. 2, Vol. 1. (1903). 


~ 
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Hence, for the former origin, the coordinates of the point in 
which OX meets the surface again will be 
— a (bd; iz ai) +a;= a; us (2; — 5;) Oi) 


XL — a; L— a; 


also (X;— aj) (F- a;) = a; (a; — 5;); 
from which we find 


renal f(a) 


Now denoting by @(a), (x), w(x) the three points derived 
from a; by the transformations 
a,b; aid; H 
(@=—— 7 OMS: +@O=he aia 
it is seen that these points all he on the surface, and the eight 


points derived from P by its projection from the nodes O, A and B 
form the four couples 




















x (Oab) (ba) (O) (b) (a0) (a) (60) 

x P(x) | A(x) O{p(a)} | id(@)} v(z) 1 Oi (S(@))} I{¢@} 
abH | ab z b(x—a) ab a(«#—b) 

= a | ores” ee : ae 2—b- x, F-0e 





These show, as above, that the point (0, a, b) is identical with 
(P, Q, &), where the latter point is that obtained by successive 
projections of « from the points P, Q, R, at infinity on the axes. 


112. Geiser’s* method of obtaining the surface. 


Let u,= 0, ... us=0 be the tangential equations of the six given 
nodes, then the six quadrics u,?=0,...«u2=0 are linearly inde- 
pendent and are apolar} to any quadric through the six points. 
Hence the general equation of a quadric apolar to the system 
of quadrics through the six points is 


6 
pa kyu?e — 
1 


* Geiser, Crelle’s Journal, txvit. (1867). 

t+ Two quadrics whose equations in point and plane coordinates are Zay,.x;27,=0, 
Zagu;u%,=0 are said to be apolar when the invariant Zayay is zero. When the 
second equation represents two points, it easily follows that they are conjugate. 
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When this equation represents two points they are conjugate 
for all quadrics through the six points and are therefore corre- 
sponding points on the Weddle surface. We then have an equation 
of the form 

LL' => kuz. 

Now let Jf =0, N=0 be two points which divide the points 

L, [’ harmonically, hence an identity exists of the form 


M?— N?=> kyu? 


It is easily seen that this is the necessary condition in order 
that any quadric through seven of the eight points M, N,u, ... ug 
should pass through the eighth point*; hence every quadric through 
U,... ug and M will pass through JN, and every pair of points on 
LL’ which possesses this property divides LL’ harmonically. Such 
a pair of points can only coincide at one of the points LZ, L’. It 
is therefore seen that the Weddle surface arises as the locus of 
points M such that the point conjugate to Mf in this manner for 
the six given points u; coincides with M+. From this point of 
view the surface has been shown as a linear projection in four 
dimensionst{; and projectively related to Kummer’s surface. 

For if we write 


EF=y2', E=y2, g=er, Yara, Caay, C=xy, 

a0, ttc Bec, P=cu, y=", =a, 
the equation of the general quadric surface through the six nodes 
of the Weddle surface in Cartesian coordinates (Art. 111), wherein 
we writewd, 6, ¢ for a, a, a3; 1,1, 1 for b,, 63, b,; also a, y, 2 for 
%,, L, #, and 2, y’, 2,0, b,c’ for l—#, 1—y, 1-—z, l-—a,1-}, 
1 —c, 18 

A (a#’ —a’£) +B co ‘n oer 6 — a6 a Bias 

(ag (Bn’ — B'n) + O (ye — 9S) 22 4 
Now Etq+Cahty t+, Enlakn'’, 
so that if we interpret (&, 7, & &, 7’, &') as homogeneous point- 
coordinates in four dimensions, we have a (1, 1) correspondence 
between the points of our original space and those of a cubic 
variety in four dimensions. Again those of the quadric surfaces 





* Serret, Géométrie de Direction, Nouv. Ann. tv. (1865). 
+ See Bateman, loc. cit. p. 228. 
~ Baker, loc. cit., also Hudson, Kummer’s Quartic Surface. 


en 
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which pass through a seventh point (a, y:, 2) or P,, have as their 

equation 

(A (af'— a’) + B(Br! — B'n) + Olyt— oO} (BoB — AS) 
B—S Gye 


- {7-5 oo i | {A (a& — a &,) +B (Buy = B’n,) +C (yoy —_ Gols 








where &=y,2/,...G =a. 
These quadrics all pass through an eighth point (a, y, z) or P, 
such that 
10) ee 








ae ~eeaaee — e Sia ME 
ae,’ —wE, By Bny—B'n, Vt — yb Fy iil Gis Sa 
B-S ya 
These three equations determine the four-dimensional line 
joining (af,...) to (&:m,...); the remaining intersection of this line 
with the cubic variety is the point (a+ A&,,...) where X is given 
by the equation 
A (amo + BOE +yEm — wm oy — BOE! — Erm’) 

"i + Ei By + myat Gap — fy — mye — G/a’B’ = 0 
and corresponds to the eighth intersection P of the quadrics. The 
points P, P, therefore coincide when this straight line touches 
the cubic variety, this requires that 2» should be infinite, so 
that 

a 8 gee E. ae. 


aa a ae rere 
& & & o 


if we insert &, = y, 2)’, etc. we obtain ~~ form of equation of the 
Weddle surface. 

This surface thus arises as the interpretation in three dimen- 
sions of the twofold of contact of the enveloping cone of a cubic 
variety in four dimensions, whose vertex is an arbitrary point of 
the variety. It has been shown* that the intersection of this 
cone with an arbitrary planar threefold in space of four dimensions 
is a Kummer surface. We are therefore led to a birational trans- 
formation between the Weddle and Kummer surfaces in the 
form of a projection; the point (a, y, 2) of the Weddle surface 
being birationally connected with the point (&, 7, &, &, 7’, ¢’) of the 
twofold of contact which is projected into a point of the Kummer 


surface. 
* Richmond, Quarterly Journal, xxX1., XXXIV. 
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113. Sextic curves on the surface. 

Any quadric through the six nodes meets the Weddle surface 
W in an octavic curve. This quadric corresponds, as just seen, 
to a planar threefold and hence the octavic curve to a plane 
section of the Kummer surface K. If the quadric is a cone its 
vertex P lies on the Weddle surface W, hence the octavic has a 
node at P, and therefore the plane section of K is a tangent plane 
whose point of contact Q corresponds to P. It was also seen that 
a system of quadrics through the six nodes and one other point 
corresponds to planar threefolds passing through a line, and hence 
to plane sections of K through a fixed point A (the intersection 
of this line with the planar threefold containing K). Hence the 
sextic curve which is the locus of vertices of cones of the system 
will therefore correspond to the curve of contact of the tangent 
cone from A to K. 

Since to any two quadrics S, S’ through the six nodes there 
correspond two planes in the space in which & exists, 1t follows 
that the vertices of the four cones determined by S and S’ corre- 
spond to the points of contact of four coaxal tangent planes of K. 

When the quadric contains the twisted cubic through the 
six nodes, the octavic breaks up into this cubic and a quintic 
curve. If the quadric is a cone these quintics become identical 
with those discussed in Art. 108*. 

Another set of sextic curves is seen to arise as the inter- 
section with W of any cubic surface having nodes at four nodes 
of W and therefore containing the lines joining those nodes in pairs; 
for the curve of intersection consists of the six joins of the four 
nodes and a sextic curve. 


114. Expression of the coordinates as double Theta 
functions. 

The coordinates of any point on a Weddle surface can be 
expressed in terms of double Theta functions+. For the equation 
of the surface (Art. 109) is satisfied by the substitutions 

Wy 3 Hy 2 Ly 2 Ly = Coy Ay, Bg o0Goq : Coa Oy Pos : Cos oa 1 Por Pos : C494; Os P00, 
My 2 Ag : Ag + My = Coy Co Cag Cgq + Cols Cig Cog > CogCoCigCi4 > CyC5 C14 Coy; 
by: by: bs: Dy = Cyr Cs CreCig Cay C14 Cys > CogCs Cog Cys 2 C4Co Cre Crs, 
3 3 
* This is seen at once since the point whose coordinates are pil sf: =e etc., 
J7(8) SF(¢) 
for @=constant, lies on the cone (a, — 0x4)? = (a, — 024) (5 — 924). 
+ Caspary, Ueber Thetafunktionen mit zwei Argumenten, Crelle, xciv. 


~ 
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where ¢, is the result of attributing zero values to the variables in 
0,(u), etc., as will now be shown. 
In the first place we see that the coordinates of the point 2’ 


Oy b; 


or 





are derived from those of « by increasing the argument by 


4(7rc+d)*; since this interchanges 0,, 0,; 02, On, etc. Again, 
as before, let px, denote the coordinates of the line (a, x) and qi 
those of the line (6, x); we find on substitution 
PwPs _ (C5Cy2 001 Pog — CoCs4 9s Fz) (C5624 Pos Pos — Co C2 9394) Cos Crs (1) 
PisP42 (Ci2Ci4 6a 6, — Cog C34 Ops 0;) (Cr Cos O, Oey — C1449 204) CoCs 
If g'z, denote the line joining 2’ to a, it is easily seen that 
12934 - qx q 34 
G13 94a q39 2 , 


and the latter ratio is formed, as stated above, from 2a by 


‘ ; Ps P42 
increasing the argument of the 6’s by 4(7c+d). 


It will now be shown that this change does not affect the right 
side of equation (1). For, as is well known, the determinant 


C59; 0 0 0 
0 CQ, Cyr, Cop Pa 
0 CO, C9 = — Cos Pas 
0 -—6, Cobre Cos Oey 
forms an orthogonal matrix, from which we may therefore derive 
the equations 


C5 Cio Os 01. — Co Cy 6, Os, = Cz Cog 0, Oo 
03 Cys x4 — Co Cre 6, Gin Cy Co 0, On ( 2) 
Cis Cygne a Cupar Ose Os = — Cy Cy 0, 6, 


C1263 919423 — Cr4Cs4914835 = — Cor Cos For Pos 
Increasing the arguments in each of these equations by the 
respective half-periods 
4(7d+b), 4(7ra+a), 4(7rat+b), 4$(7a+a), 
the left sides are transformed into the quantities which appear on 
* Using the notation of Hudson, Kummer’s Quartic Surface, p. 178. We com- 
pare for convenience Hudson’s notation with that just given 
95 P12 Oo 93, 90g 13 914994 4 P03 901 93 91 Foe 1 Fe 
ddadcdbd dcaccc be daaacaba  dbabeb bb. 
The equations for the addition of characteristics being 
ata=b+b=c+c=d+d=d; 
b+c=a=a+d, c+a=b=b+d, a+b=c=ctd. 
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the nght side of equation (1), save as to an exponential factor in 
each case, and we therefore derive that 


—= 
ee eens 
= —_— — 


the exponential factors having cancelled out. 

Now the increase of the argument of the 6’s by 4 (7c + d) does 
63014 
0,0,’ 

PrP _ Gon 

PrPe Vis Vee i 
and the point x is seen to lie on the Weddle surface. 

By considering the expressions of the py, and qi it 1s seen that 
the two systems of quadri-quartics on the surface are given by the 
equations 

(1) O13 = NOx, 
(11) PxsA4= AAs, P1204 = VOVAs, A.A = T8504. 

The quantity H is seen to have the value 


not affect the value of hence 





9, Oo, 820.023 O03 Os Poa > Co Cs Cre Cas Cr4 Cos 

The thirty-two points forming a closed system are derived as 
follows: fifteen of them arise from adding to the argument wu for P, 
the fifteen half-periods 4 (7a + b), ete. These are the fifteen points 
(N,N.). The other sixteen points arise in the following manner: 
since the coordinates of ,, the other intersection of the line PA, 
with the surface, are 

Hay + @o: &5 2 Xa; 
it follows, from the above value of H, that the coordinates of 
N, are 
Coy og O20, : CoA2O3 O04 : Cos Pos Foz 904 : C19243 O00, 
since @, divides out. 

The other five points (V;) and the ten points (V,NV,Ns) are 
derived from (iV;) by the addition to its argument of the fifteen 
half-periods *. 

* Weddle’s surface is a case of a class of surfaces investigated by Humbert, 
Théorie générale des surfaces hyperelliptiques, Journal de Math., série 4, t. rx. (1893). 
These surfaces are termed hyperelliptic surfaces, the coordinates of any point are 
uniform quadruply periodic functions of two parameters; see also Hudson, 
Kummer’s Quartic Surface, pp. 182-187. 

Baker has shown that the coordinates of any puint on the Weddle surface may 


be expressed as derivatives of a single variable (Multiply Periodic Functions, pp. 39, 
40, 77). 


188 DETERMINANT SURFACES [cH. Ix 


115. Plane sections of the surface. | 

The equation of the plane section of a Weddle surface may be 
simply expressed. Take as triangle of reference the three points 
in which the given plane meets the twisted cubic through the six 
nodes. Each side of this triangle meets the curve of section in 
two vertices and also in two points harmonic with these vertices. 
Hence we obtain as the equation of the surface 

a, ay + a,a°2 + by®z + bya tc2ta t c.28y 
+ 8axyz (le + my + nz) = 0. 

Also, since the three pairs of points lying on the sides of the 

triangle of reference le by threes on four lines (Art. 108), we have 


the condition 
Gg05C, =F GD; Cz = 0. 


From the last condition we infer that the tangents at the 
vertices of the triangle of reference are concurrent. 
If we form for this quartic the invariants A and B* we find 


A =—12lmn + 12 (1b, ¢, + meza, + na3bs), 


B = l As Os 2, 
bo 2, 
Co C; nr 


Hence for any plane section we have the invariant condition 
A? + 144B = 0. 

An infinite number of configurations of points can be obtained 
on the plane section as follows: let the Weddle surface be deter- 
mined by four quadrics S,, S,, S;, S,, of which we may suppose the 
first three to contain the same twisted cubic. Then the section 
considered contains the following set of twenty-five points, viz. 
the fifteen points in which the join of two of the nodes N,... NV, 
meets the plane, and the ten points in which the ten lines 
(N,N.N;, N,N;N.) meet the plane. The first set of fifteen 
points lie by threes on twenty lines, viz. the intersection with the 
given plane of the planes (V,,V5), ete. 

Now consider the Weddle surfaces formed by aid of S,, S,, S, 
and S,+Aa’, where a=0 is the plane of the section. These 
surfaces form a pencil whose nodes lie on the same twisted cubic, 
and all containing the same section lying ina=0; from each surface 


* Salmon, Higher Plane Curves, 3rd Ed. p. 264. 
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one configuration, of the kind just mentioned, arises. Hence we 
have an infinite number of such configurations*. 


116. Bauer’s surfaces. 


If in the foregoing four collinear systems (Art. 97) each plane 
system reduces to a sheaf, and is such that each plane joining the 
centres of three sheaves is a self-corresponding plane for three 
systems, we obtain the surface discussed by Bauer}. The equation 
of such a surface is accordingly 


a 
Ly — = Lo L3 D4 
Qh, 7 
Py 
Ly Ly —- = Ls Xs 
Cin ‘ 
Ly Ly Lo) ened a 
C3 
dy 
Ly Lo _ Bs Ls a 
4 


This equation may also be written in the form 


1; Ly bate. CER d, V4 
ae Sistas + = 
Ox Oi Ce de 








i; 


wherein dz, bz, cz, d; are linear functions of the coordinates. 

The foregoing equation may also be obtained as follows: a 
point P (or #) is joined to the vertices of a given tetrahedron A 
(taken as that of reference) and the joining lines PA,, etc., meet 
the faces of any other given tetrahedron A’ (whose faces are 
ad, =0,...d,=0) in points Q,...Q,; then if the points Q; are 
coplanar the locus of P is the surface just given. For the coordi- 


a 
nates of Q, are seen to be 2, ia , €, Xz, X,, and expressing that the 
1 


points Q; are coplanar, we obtain the foregoing equation. 

The second form of equation of the surface shows that the 
edges of A’ he on the surface and also the intersections of corre- 
sponding faces of A and A’, as a,=0, az=0, etc.; the vertices 
of A’ are seen to be nodes of the surface. The surface therefore 
possesses ten lines and four nodes. 


Denoting the lines (a, az), etc. by p,, etc, if two lines p 


* See Morley and Conner, Plane sections of a Weddle surface, Amer. Journ. of 
Math. xxxI. 

+ Bauer, Ueber Flichen 4. Ordnung deren geom. Erzeugung sich an 2 Tetraeder 
kniipft, Sitz. d. Konig. Akad. d. Wiss. Miinchen, 1888. 


~ 
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intersect, their point of intersection is seen to be a node of the 
surface ; if each line p meets every other line p, then the lines 
p lie in one plane, say the plane.z=0, also each edge of A meets 
the corresponding edge of A’ and the two tetrahedra are in per- 
spective. In this case the equation of the surface assumes the 
form 


2 {Ay bat2dz + AcCzdzAg + Ashe Aads + AsAedzCe} = AebeCrde, 
where the A; are constants. For in this case we may write 
+ = fy, 2 + V\Az; Lh = f22 + Vobz, etc. 


The surface is the Hessian of the general cubic surface; it has 
ten nodes of which six lie in z=0. 

Let now an edge of A intersect the edge of A’ opposite to the 
corresponding edge, e.g. let the line (a, x.) intersect the line (c,, dz) ; 
in this case it is easily seen that («,, 7.) lies on the surface ; if this 
occurs in every case the surface will contain also the six edges of 
A and have the vertices of A as nodes*. 

Lastly we may assume that both sets of conditions are satisfied, 
viz. that each edge of one tetrahedron intersects a pair of opposite 
edges of the other. The tetrahedra are then in desmic position 
(Art. 13). 

The equation of this surface, viz. 


2, X 
— Ly tUet+Usyt Uy U-Mmtraz,t+7Z, 


a 
Ly + %y—UgtX, Wt+X+1X7z,— HX, 
may be reduced either to the form 
Z (Hy Ly Ms + Ly Hy, + LyX 4X + LM, Ly) = 40,1, ,%,, 
where z= >2;, or to the form 
VZ,4+VZ,+VZ,=0, 


where 
Z,= (a, = L-) (xs + Ls), a (a, =F 3) (2, + £;), 


Ls = (i, + 4) (Lo + 2s). 
* The equation of this surface may be written in the form 


AZ 24+ B23 + CZ +D2Z,24+ E2,42,+F2,2,=0, 
where the Z, are pairs of planes through opposite edges of A’. 
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117. Schur’s surfaces. 


A particular case of the surface A arises when the foregoing 
correspondence between points #, y of A is reduced to a collinea- 
tion*. It has been seen (Art. 99) that as aw describes a curve 
c, the corresponding point y describes a curve which is the locus 
of the fourth intersection with A of the trisecants of c,, but since 
the points x, y are to be in this case linearly connected, y must 
also describe a curve of order six, hence the intersection with A of 
the surface formed by the trisecants must include eight of these 
trisecants @,... ds, In order to complete the order, 14, of the 
complete intersection of the surfaces apart from c,. Similarly 
every k, has eight trisecants 6,...6; which le upon A. 

The lines a and 6 are distinct and no two lines a intersect 
each other; similarly no two lines b intersect. For, in this case, 
to the point « of c, which gives rise to a line a; there corresponds 
an infinite number of points y,:viz. the points of a;; hence the 
four planes 


Op +a,p +a,p” +a,p” = : 


ash 
aS + @eeeeeeeeeee + ass = ; 


must be coaxal; by effecting a linear transformation of the a; we 
may take four of these points a as vertices of the tetrahedron of 
reference, in which case the four planes p, g, r, s are coaxal; 
similarly for the four planes p’, q’, 7’, s’, ete. 

The eight lines 6 arise from such values of the A; as make the 
following four planes coaxal : 


Mp +rAcGtAsr+rAys =O, 
See eee == (), 
Be eee casesslaaie v'6 sce =a(), 


ath 


OMG) Gi @anigemeces c+ see = 


It is clear that any line 6 must meet each of the four 
preceding lines a except e.g. when the A; are such that 


Arp + Aed + Agr + As =O; 


and there cannot be more than two such identities, for in that 
case the four planes p, g, 7, s would coincide, and A would break . 


* F. Schur, Ueber eine besondre Classe von Fldchen vierter Ordnung, Math. 
Ann, Xx. 
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up into factors. Hence it follows that the line (p, q, 7, s) must 
meet at least six lines b; so that if the lines (p,q, 7, s), (p', 9,7, 8) 
intersect there must be at least four lines 6 which meet each of 
them, which is impossible since the order of A is four. 

Hence no two lines @ can intersect; 1t follows that the lines a 
are different from the lines 6. Moreover a line a cannot meet 
more than six lines ), for suppose it meets seven lines b, then since 
any three lines a would meet a common set of five lines 6, the 
quadric through these eight lines would meet any &, in fifteen 
points, since every 6; 1s a trisecant of every k,, and hence would 
contain it. Therefore any line a meets exactly six lines b; simi- 
larly any line 6 meets exactly six lines a. In a case in which a 
line 6 does not meet a line a, e.g. (p, g, 7, $), an identity exists of the 
form 


= 


A,p + Acg + Agr + Ays = 0, 
so that p may be replaced by zero in equations (1), Art. 97. 

Take therefore four lines 6, ... b, such that each of them does 
not meet two of the lines a,...a,, eg. a and a;, as and a, 
a, and a,, a, and a, respectively, then equations (2), Art. 97, 
may be reduced to the form 


& Pp + eeocvcersrececeece 4+ a,p” — 0, 
QQ AWA 2.2. 20ec serene = @; 
ar’ bg aan” a 


The required surface is therefore 


PLLA 


pgr's” =p qr's’. 
This surface being susceptible of collineation into itself, if it be 
represented by 4+ A’=0, then either A and A’ are interchanged 
by the collineation, or the planes which constitute A are cyclically 
permuted: similarly for A’. An instance of the former is given 
by the surface 
162, LX32q + (4, + Le + Hs + 4) (@, + Lo — Ly — 1%) 
X (a, — La + Lz — 4) (%, — La— Xg3+ %) =O; 
if this be written in the form 
16.2, 25%32, + AzbeCed, = 0, 

it is seen to be unaltered by the collineation 

By: Oy: 4): 04 PAY : Uys Cy: Oy. 


The surface 1s desmic. 
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In the latter case, viz. when the faces of A are cyclically 
permuted by the collineation, the latter must be of period four; 
taking A as tetrahedron of reference the collineation is then of 
the form 


p%,=kyYy,, pie=keys, pt,=hsy,, p®=hy. 
By a change of the coordinate system we may take each k; to be 
unity. 
The equation of the surface is now seen to be 
A+ A! = Ka, X00, + 0, 0,05,0, = 0, 
where A, = Uj, + Ug Xe + UgXy + UL, 
Ap S Un, + Ugo + UgXs + UH, 
As = Ugh, + UgXq + Uy, Xs + Ug, 


Oy SS UgXy + Uy Mg + Ug i's + Ug. 


Conjugate tetrahedra. 
4 

Denoting by ®, the quadric 2u;S;=0, where 
1 


S, = oP + 0? + 2aa,, S, = 2 (aa, + 324), 

Ss = a? + U2 + 22, 2s, Sy = 2 (aa, + X23), 
it is clear that the planes a,...a@, are the polar planes of the 
vertices A,.... A, of A for the quadric ®,. Two tetrahedra such 
that the faces of one are the polar planes for a quadric of the 


vertices of the other, may be termed conjugate. Again it 1s easily 
seen that A and A’ are conjugate for the quadric 


@D, = u,8. + UgS3 + UgSy + US, = 0, 
and hence for each of the quadrics 

D, = u,S3 + US, + UsS, + U,Se = 0, 

D, = u,8, + U.S; + ugsSe + u,8;, = 0; 


since ®,, ®, are the quadrics obtained by submitting ©, and ®, to 
the given collineation. 

Hence A and A’ are conjugate in four ways. 

Now it can be shown that when the tetrahedra A, A’ are 


J. Q. 8. 13 


= 
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conjugate, four faces of A meet four faces of A’ in four lines 
which belong to the same regulus* of a quadric. 

Now since A, A’ are conjugate with regard to each of four 
quadrics, it occurs four times that four intersections of their faces 
are co-regular. But if a quadric => meet a non-ruled quartic 
surface F’ in four lines of a regulus, it will meet F* in four other 
lines of the complementary regulus; since if c, be this residual 
curve of intersection, from each point of c, a line can be drawn to 
mect the four given lines, this line therefore lies upon #4, hence 
c, must consist of four lines of the other regulus of >. Therefore 
corresponding to each way in which A, A’ have four intersections 
co-regular we obtain four lines of A, giving, in addition to the 
sixteen lines of intersection of A and A’, sixteen other lines upon 
the surface. 

The existence of these thirty-two lines upon the surface may 
also be seen from the expression of the surface in the form 


44 A 


pyr S$ =p i's’; 
for this shows the existence of eight lines not included in the 
eight lines a or the eight lines b, e.g. p=7’=0, ete. 

If we had started with the other four lines a and 6 we should 
have. obtained a second form of the equation of the surface in the 
form 

A, + A; = 0, 
where A,, A,’ are two new tetrahedra; they again yield eight 
lines not included in the eight lines a and 0b. 


* For A being the tetrahedron of reference, and the quadric with regard to 
which A and A’ are conjugate being 2aj,2;27,=0, the four lines just referred to are 
;=0, QygLy+Ayg%z+ a442,=0, ete. 

If the join of two points X, Y meets this line we have 
PB es ge a 
Y, yo ¥q4+ hs Y3+ ay5 Yy 
hence if py= X,Y; — X; Y;, it follows that 
Py2% 2+ Pig %3 + Prs a= 9. 
The conditions that p, should meet the other thrce lines are seen to be, 
similarly, 
Poy %q + Pog Gog + Pog 4a4=9, 
Pg 4g) + Poo 439 + Ps4%34=0, 
Par 4a) + Pao M9 + Pas Cag = 93 
and since py= — py, 4,.=4,;, the four equations are equivalent to three; hence 
an infinite number of lines p meet the four given lines which therefore belong to 
the same regulus. 
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118. Tetrahedra subject to two collineations. 

We now consider the case in which a collineation of period 
four permutes the faces of A, and a collineation of period three 
permutes three of these faces and leaves the fourth unaltered ; the 
tetrahedron A’ being similarly affected. 

Taking the collineations as 

PX, = Yo; P%2= Ys; Pts =Ys; pLy=% +05 s ie (1), 
Ch, |, “Cla =, GR=%, TH=Y2.....-... (IT), 

it is seen that the surface 
Ay Wy XyXy + (MA, + My + Hy + Hy) (+ May, + Hy + 1%) (...)(...) = 0 


is unaffected by each collineation. 
There are six planes each containing two intersections of faces 
of A and A’ and two other lines, viz. the planes 


By + &y +m (a; + x) = 0. 
The surface therefore possesses 16 +12 = 28 lines; it has six 
coplanar nodes, viz. the points a, = a= So, = 0, ete. 
Next consider the collineation 
PE, = Yo, Pl,=— Ys, PMs=Ys, PMY, «0... (IIT), 


the collineation (II) being as before. 
The surface 


AH, Hq 3H, + (ay + Hy + 4) (Ly — Ly + Ly) (@, — Xs + 44) (H, + % — %,) = 0 
is unaffected by the collineations (II) and (IIT). 

The tetrahedra A, A’ are conjugate in nine ways; in six ways 
arising from the six quadrics 

Ue — 02 + 22, (@; + 04) — 2H, (45 — 24) + 2a,0,=0, etc., 
and in three ways arising from the three quadrics 
Ly? —~ Le + 9? — HE + 2H, Hy + 2a,H, + 2x4, —2H,4,=0, ete.; 

each manner in which A and A’ are conjugate gives rise to four 
lines on the surface, which is thus seen to possess 16 + 9 x 4 = 52 


lines in all. Each of the tetrahedra A, A’ is inscribed in the 
other. 
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